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Preface

Photodetection is found in a large number of professional and
mass-market systems. There are numerous applications including:
fiber-based and free-space optical telecommunications, galvanic
isolation, solar cells, proximity detectors, etc. All of these applications
are based on the same process: the transformation of optical power
into an electrical signal, with this signal needing to be as large as
possible for an optical flux as weak as possible. When information
needs to be transmitted quickly, potentially at very high speeds, the
photodetector must react very fast. These basic considerations imply
that a certain number of performance requirements should be met in
order to satisfy the demands of the intended application. It is in this
context that various photodetecting structures have been conceived:
photoconductors, p-n and p-i-n photodiodes, avalanche photodiodes,
phototransistors, Schottky photodiodes, MSM (metal semiconductor-
metal) photodetectors. The range of wavelengths relevant to the
application also plays an important role. It is often this, through the
intermediary of the semiconductor bandgap, which dictates the nature
of the material(s) used.

This book gathers together the most detailed and significant
contemporary thinking on photodetection for wavelengths from the
near-infrared to the ultraviolet!. Its content not only gives the reader

1. The very particular nature of photodetection in the mid- and far-infrared requires
specific treatment and thus is not covered here.
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the grounding to design simple photodetectors with specified
performance characteristics, but also discusses the state of the art in
photodetection. Chapter 1 begins with an introduction to
photodetection and the most well-known photodetector structures.
Among these, some are more commonly used than others, or offer
more exciting possibilities.

Because of this, each of Chapters 2 to 5 concentrates in great depth
on a specific photodetector type. In sequence, the reader will be able
to learn about:

— the PIN photodiode which is the photodetector on which the
majority of systems are based (Chapter 2);

— the avalanche photodiode, which is a refinement of the PIN
photodiode and which, under a sufficiently high bias voltage, allows
us to achieve a gain (Chapter 3);

— the phototransistor, which is another means of obtaining gain in
photodetection (Chapter 4);

— the MSM photodiode which is well suited to monolithic
integrated circuits such as MMICs (Microwave Monolithic Integrated
Circuits) (Chapter 5).

Chapter 6, however, is different. It is dedicated to ultraviolet
photodetectors. Given the significant role that this wavelength range is
likely to take in the near future, notably for environmental
applications, this subject deserves a separate chapter. In this case, all
types of photodetector are concerned, and it is the material which is
the source of improvement, notably with the appearance of AlGaN
materials with a very large bandgap.

Finally, Chapter 7 is entirely dedicated to noise, as this concept is
absolutely fundamental for the photodetection of low-intensity signals.
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The chapters of this book have all been written by specialists and

we take this opportunity to thank them sincerely and warmly for their
contributions.

Didier DECOSTER and Joseph HARARI
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Chapter 1

Introduction to
Semiconductor Photodetectors

1.1. Brief overview of semiconductor materials

A semiconductor material is a continuous crystalline medium
characterized by an energy band structure corresponding, in the case
of an infinite crystal, to a continuum of states (which, in practice,
means that the characteristic dimensions of the crystal are
significantly larger than the lattice parameter of the crystal structure;
this applies as long as the crystal dimensions are typically larger than
a few dozen nanometers). In general terms, the energy structure of a
semiconductor consists of a valence band corresponding to molecular
bonding states and a conduction band representing the molecular anti-
bonding states. The energy range lying between the top of the valence
band and the bottom of the conduction band is known as the forbidden
band, or more commonly the bandgap. An electron situated in the
valence band is in a ground state and remains localized to a particular
atom in the crystal structure, whereas an electron situated in the
conduction band exists in an excited state, in a regime where it
interacts very weakly with the crystalline structure. What

Chapter written by Franck OMNES.
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differentiates semiconductors from insulators is essentially the size of
the bandgap: we refer to semiconductors where the bandgap of the
material is typically less than or equal to 6 eV, and to insulators when
the bandgap is more than 6 eV: above this, the solar spectrum arriving
on the Earth’s surface is unable to produce inter-band transitions of
electrons situated in the valence band of the material. Semiconductor
materials are mostly divided into two large classes: elemental
semiconductors (group IV of the periodic table): silicon, germanium,
diamond, etc. and compound semiconductors: IV-IV (SiC), III-V
(GaAs, InP, InSb, GaN) and II-VI (CdTe, ZnSe, ZnS, etc.). Impurities
can be introduced into the volume of the semiconductor material and
can modify its electrical conduction properties, sometimes
considerably. An impurity is known as a donor when it easily releases
a free electron into the conduction band. The characteristic energy
level of the impurity is therefore in the bandgap, slightly below the
conduction band. For example, in the case of compound
semiconductors in group IV of the periodic table such as silicon, the
main donor impurities are those which, being from group V of the
periodic table (arsenic, phosphorous, etc.), are substituted in place of a
silicon atom in the crystal structure: since silicon is tetravalent, these
atoms naturally form four covalent bonds with the silicon atoms
around them, and also easily give up their surplus electron to the
crystal structure. These electrons become free to move, subject to a
weak activation energy provided by thermal agitation. In this case we
refer to n-type doping. In the case of silicon, a group Il element
incorporated into the crystal structure of silicon naturally forms three
covalent bonds around it, and then completes its own outer-shell
electronic structure by capturing an electron from its fourth nearest-
neighbor silicon atom, again subject to a weak thermal activation
energy. Such an impurity is known as an acceptor, and doping with
acceptors is known as p-type doping. A hole carrying a positive
elementary charge and corresponding to a vacant energy state in the
valence band is therefore left in the crystal structure of the silicon. In
the case of 11I-V composites, the donors are mostly atoms from group
IV (silicon) substituted in place of group III elements, or group VI
elements (S, Se, Te) substituted in place of group V elements, and
acceptors are group Il (zinc, magnesium) substituted in place of group
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IIT elements. In the case of II-VI composites, the most commonly-
encountered donors belong to group VII (chlorine, etc.) substituted in
place of group VI elements, and acceptors belong to either group I
(lithium, etc.) or to group V (nitrogen, arsenic, phosphorous, etc). In
this last case, the group V element is substituted in place of a group VI
element in the semiconductor crystal structure, whereas group I
acceptors are substituted in place of group II elements. The chemical
potential, or Fermi energy, of an intrinsic semiconductor (i.e. one free
from n and p impurities) is found in the middle of the bandgap of the
material. When a moderate n-type doping is added, the Fermi level
rises from the middle of the bandgap towards the conduction band, by
an increasing amount as the level of doping rises. When the level of n-
type doping becomes large, the Fermi level can cross the bottom of
the conduction band and be found inside this band (Mott transition).
The semiconductor then behaves like a metal and for this reason is
called a semi-metal. In this case it is referred to as degenerate. In the
case of p-type doping, the semiconductor is said to be degenerate
when the Fermi level is below the top of the valence band.

1.2. Photodetection with semiconductors: basic phenomena

Photodetection in semiconductors works on the general principle of
the creation of electron-hole pairs under the action of light. When a
semiconductor material is illuminated by photons of an energy greater
than or equal to its bandgap, the absorbed photons promote electrons
from the valence band into excited states in the conduction band,
where they behave like free electrons able to travel long distances
across the crystal structure under the influence of an intrinsic or
externally-applied electric field. In addition, the positively-charged
holes left in the valence band contribute to electrical conduction by
moving from one atomic site to another under the effects of the
electric field. In this way the separation of electron-hole pairs
generated by the absorption of light gives rise to a photocurrent,
which refers by definition to the fraction of the photogenerated free
charge-carriers collected at the edges of the material by the electrodes
of the photodetecting structure, and whose intensity at a given
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wavelength is an increasing function of the incident light intensity. On
this level we can distinguish between two large categories of
photodetectors based on the nature of the electric field, which causes
the charge separation of photogenerated electron-hold pairs:
photoconductors, which consist of a simple layer of semiconductor
simply with two ohmic contacts, where the electric field leading to the
collection of the charge-carriers is provided by applying a bias voltage
between the contacts at either end, and photovoltaic photodetectors,
which use the internal electric field of a p-n or Schottky (metal-
semiconductor) junction to achieve the charge separation. This last
term covers p-n junction photodetectors (photovoltaic structures
consisting of a simple p-n junction, and p-i-n photodetectors which
include a thin layer of semiconductor material between the p and n
region which is not deliberately doped), as well as all Schottky
junction photodetectors (Schottky barrier photodiodes and metal-
semiconductor-metal (MSM) photodiodes).

We will now briefly introduce the main physical concepts at the
root of the operation of the different semiconductor photodetector
families. Here the emphasis is placed on a phenomenological
description of the working mechanisms of the devices in question; the
corresponding formalism has been deliberately kept to an absolute
minimum in the interests of clarity and concision.

1.3. Semiconductor devices

Photoconductors represent the simplest conceivable type of
photodetector: they consist of a finite-length semiconductor layer with
an ohmic contact at each end (Figure 1.1). A fixed voltage of
magnitude Vy is applied between the two end contacts, in such a way
that a bias current Ig flows through the semiconductor layer, simply
following Ohm’s law. The active optical surface is formed from the
region between the two collection electrodes. When it is illuminated,
the photogenerated changes produced under the effect of the applied
electric field lead to a photocurrent Ipy which is added to the bias
current, effectively increasing the conductivity of the device.
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Figure 1.1. Diagram of a photoconducting device

The main point of interest in a photoconducting device is its
increased gain, the response of photoconductors being typically
several orders of magnitude greater than that of photovoltaic detectors
for a given material. On the other hand, its other operational
parameters (bandwidth, UV/visible contrast, infrared sensitivity) are
generally below that of other types of photodetectors, which often
greatly limits the scope of its potential applications (this is particularly
the case for photoconductors based on III-V nitrides, as we will see
later on).

1.4. p-n junctions and p-i-n structures

In p-n diodes, the metallurgical linkage of a region of a p-type
doped semiconductor and a region of n-type doping forms a p-n
junction, where the joining of the Fermi levels in equilibrium mostly
occurs through a flow of charge between the n and p regions. In
equilibrium we therefore find a region with no free charge carriers
immediately around the junction, similar to a charged capacitor, where
there are, on the n side, positively ionized donors and, on the p side,
negatively ionized acceptors (this zone is known as the space charge
region (SCR), where ionized donors and acceptors provide fixed
charges). The presence of charged donors and acceptors produces an
electric field in that region which curves the energy bands and, in
equilibrium, forms an energy barrier between the two regions: the
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bottom of the conduction band and the top of the valence band on the
n side are below the corresponding levels on the p side (Figure 1.2).

Space charge region

E 1 2 3
= Y
4 e
hclh>E,—» s
p ' e -
| A Conduction band
............................. R =
1 i
- W+ O : n
-
Metallurgical junction —» | -u Valence band

Figure 1.2. Curvature of the energy bands and mechanisms of
photocurrent generation in a p-n junction

The width of the SCR is a decreasing function of the level of
doping in the material, while the height of the energy barrier is an
increasing function of it. An electron-hole pair produced in this SCR
(situation 2 in Figure 1.2) is therefore separated by the effect of the
internal electric field of the junction, and so does not recombine.
These are the charge carriers which contribute to the photocurrent, to
which we can add, to some extent, those generated at a distance from
the junction less than or equal to the diffusion length (situations 1 and
3 in Figure 1.2). The band structure of the junction implies that the
photocurrent will consist of minority charge carriers. For this reason,
the photocurrent flows in the opposite direction to the bias on the
diode, where the forward direction is defined as the direction of flow
of the majority charge carriers (from the n to the p region in the case
of electrons, and vice versa for holes). Moreover, the application of an
opposing external electric field (V;—V, < 0) allows us to increase the
height of the energy barrier in the vicinity of the junction, and also
increase the spatial extent of the SCR, which significantly improves
the efficiency of the separation of electron-hole pairs by increasing the
electric field within the junction.
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We note that when the doping level is moderate, the width of the
SCR is important. This effect is beneficial in the case of p-n junction
photodetectors, where in order to increase the photoresponse it is
desirable to ensure that the mechanisms of electron-hole pair
generation through incident light take place predominately inside the
SCR. A simple means of increasing the spatial extent of the SCR is to
introduce between the n and p regions a thin layer of intrinsic
semiconductor material which is not intentionally doped: the structure
is therefore referred to as p-i-n. Such a structure is interesting because
it is possible to maintain high levels of doping in the n and p regions
without significantly reducing the extent of the SCR, whose width is
then largely determined by the thickness of the “i” layer. Additionally,
increasing the width of the SCR reduces the capacitance of the
structure, which makes p-i-n structures particularly well-suited for
high-speed operation.

1.5. Avalanche effect in p-i-n structures

When the reverse-bias voltage established at the terminals of a p-i-
n structure increases sufficiently that the electric field established in
the junction reaches values close to the breakdown field (in structures
of micron-scale thickness, this is generally the case when the bias
voltage at the terminals reaches a few dozen wvolts), the
photogenerated charge carriers in the SCR (which is effectively the
region that is not intentionally doped) are accelerated enough to
separate other secondary charge carriers from the atoms in the lattice
that they impact in the course of their motion: this is the avalanche
effect which results in a multiplication of the charge carriers in the
SCR. The gain is therefore greater than 1 for the generation of charge
carriers by light, and this gain can even typically reach 10 or 20 under
favorable conditions. This effect is exploited in what are called
avalanche photodiodes where the levels of n- and p-type doping are
generally adjusted to high values above 10!% ¢m™ to maximize the
intrinsic electric field of the junction.
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1.6. Schottky junction

A Schottky junction is formed by bringing a metal and a
semiconductor into contact. The basic phenomena which lead to the
formation of a Schottky junction with an n-type semiconductor are
summarized in Figure 1.3.

Electron transfer
-

Vacuum level
T ERREEEt £ [ mmmmammmmem e
q-X
E.
[|'(D__\.1 | et i .l—_-L
q-Vn “p
-
. E,
a) Metal Semiconductor
Vacuum level

Space charge region

/
QP =%\ / T4V,
q.(‘DMh—X] \)i 'q b E.
. \ : E,
b) Metal Semiconductor

Figure 1.3. Formation of a Schottky junction (in an n-type semiconductor)

In thermal equilibrium, when the Fermi levels of the metal and the
semiconductor are equalized, a transfer of electronic charge occurs
from the semiconductor to the metal in the case where the work
function ¢q. @), of the metal (¢ being the elementary charge) is greater
than the electron affinity X of the semiconductor, and a SCR appears
at the edge of the semiconductor of width x; next to the junction,
where the only charges present are the positively-ionized donors. A
curvature of the energy bands therefore occurs at the junction, which
leads to the appearance of an energy barrier between the metal and the
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semiconductor, called a Schottky barrier, whose height is given to first
approximation by the expression:

g, =q-(®, %) [1.1]

In equilibrium, therefore, we find an intrinsic electric field
immediately next to the metal-semiconductor junction which is
comparable in form to that found in a p-n junction. Consequently, it is
the phenomenon of photogeneration of charge carriers inside and near
to the SCR which is responsible for the appearance of a photocurrent,
with the electron-hole pairs being separated by the effect of the
electric field in the Schottky junction. It is possible, as in the case of
the p-n junction, to modify the intensity of the internal electric field in
the junction by applying a bias voltage V between the semiconductor
and the metal of the Schottky contact (Figure 1.4).

L@ (V= V) V<0
TN T

Fermi level

Ey

Figure 1.4. Reverse-bias of a Schottky junction (n-type semiconductor material)

In the case of an n-type semiconductor, the application of a
negative voltage between the semiconductor and the metal electrode
of the Schottky contact has the effect of reverse-biasing the Schottky
junction, which leads to an increase in the height of the effective
barrier, along with an increase in the width of the SCR. This last effect
is of course favorable for photodetection. Indeed, it follows that the
majority charge carriers (electrons) cannot flow towards the Schottky
contact, and only the minority carriers (holes) generated by external
excitation (in particular photogeneration) can reach the Schottky
contact and hence produce an electric current: as in the case of the p-n
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junction, we therefore find that the current flows in reverse through
the Schottky junction, that is, from the semiconductor towards the
Schottky contact. The illumination of Schottky photodiodes can occur
through the front or rear face (often this second option is chosen in the
case where the substrate material is transparent to the light to be
detected, as is the case for example with sapphire). In the case of
illumination through the front face, we resort to a semi-transparent
Schottky contact, characterized by a very small thickness of metal (of
the order of 100 A) selected to ensure sufficient optical transmission:
while a thin layer of gold of 100 A thickness transmits up to 95% of
the incident light in the infrared, the percentage transmitted in the
ultraviolet is around 30% in the range 300-370 nm. The gain of p-i-n
photodiodes (other than the specific case of avalanche photodiodes)
and Schottky photodiodes is at most 1, which would be the case if all
the photogenerated charge carriers were collected by the electrodes at
the ends of the device.

1.7. Metal-semiconductor-metal (MSM) structures

An MSM structure consists of two Schottky electrodes, often
interlinked in the form of a comb structure, leaving a free
semiconductor surface between the two contacts which forms the
active region in which light will be absorbed. A bias voltage can be
applied between the two electrodes, in order to break the initial
electrical symmetry of the contacts: one of the Schottky junctions is
reverse-biased, producing a SCR of increased width, and the other
junction is forward-biased.

The absorption of light near the reverse-biased junction creates
electron-hole pairs which are separated under the effects of the electric
field present in the SCR, thus creating the photocurrent. The other
electrode, consisting of a forward-biased (and hence transmissive)
Schottky junction, simply acts as a collection electrode. The band
diagram of the device under increased bias voltage (V) is represented
schematically in Figure 1.5, in which L is the distance between two
adjacent contact fingers, @, is the height of the Schottky barrier and
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Ly, is the photocurrent. MSM photodetectors normally use

semiconductor materials which are not intentionally doped, are
chemically very pure and electrically very resistive. The SCRs
associated with Schottky junctions made of these materials are hence
of significant width which, for a given bias voltage, allows the electric
field of the junction to extend more easily into semiconductor regions
some way from the contact. It follows that photogenerated electron-
hole pairs are more easily separated and collected by the electrodes at
either end.

Vg

&

Figure 1.5. Energy band diagram for an MSM structure
under electrical bias; effect of illumination

1.8. Operational parameters of photodetectors

The main parameters which define the behavior of an ultraviolet
photodetector are respectively the response coefficient, the gain, the
quantum efficiency, the bandwidth, the noise equivalent power (NEP)
and the detectivity.

1.8.1. Response coefficient, gain and quantum efficiency

The response coefficient of a photodetector, R;, links the
photocurrent 7, to the power of the incident light P, through the
relationship:

[, =R-P [1.2]

ph i " opt
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It is important to note in passing that the response coefficient is a
quantity independent of the active optical surface of the photodetector
structure: indeed, the photocurrent as well as the incident optical
power are both, in the ideal case, proportional to the active optical
surface. At a given wavelength A, the flux @ of photons arriving on
the semiconductor surface, which is defined as the number of photons
reaching the active surface per unit time, is given by:

®=P -A/(hc) [1.3]

opt

where / is the Planck constant and ¢ is the speed of light.

The quantum efficiency 7 is defined as the probability of creating
an electron-hole pair from an absorbed photon. Considering that all
the incident light is absorbed in the semiconductor material, the rate G
of electron-hole pair generation per unit time is thus given by:

G:77~<I>:77-Popt-ﬂ/(h-c) [1.4]

If we now introduce the gain parameter g which corresponds to the
number of charge carriers detected relative to the number of
photogenerated electron-hole pairs, then the photocurrent is given by
the equation:

Iph :q-G-gzq-ﬂ-Popl/l/(hc)-g: (q-n%/(hc)-g)Papt [1.5]

where ¢ is the elementary charge (1.602 x 10-1° C), from which we
obtain the expression for the response coefficient of the detector:

R =q-g-n-A/(he) [1.6]

1.8.2. Temporal response and bandwidth

The speed of response of a photodetector may be limited by
capacitative effects, by the trapping of charge carriers or by the
saturation speed of charge carriers in the semiconductor. These
phenomena all lead to a reduction in the response of the photodetector
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in the high-frequency domain. The cutoff frequency f- of the
photodetector is defined as the frequency of optical signal for which
the response coefficient is half that for a continuous optical signal.
The temporal response of a photodetector is characterized by the fall
time 77 (or the rise time 7.), which is defined as the time needed for the
photocurrent to fall from 90% to 10% of its maximum (or to rise from
10% to 90% of it). In the case of a transient exponential response with
a time constant 7, the following relationship links the bandwidth BV
and the temporal response of the photodetector:

BP=1/(2-7m-7)=22/(2-7,)=22/(2-7"7,) [1.7]

1.8.3. Noise equivalent power

The NEP is defined as the incident optical power for which the
signal-to-noise ratio is 1, and hence the photocurrent /,, is equal to the
noise current /. In other words, it is the smallest optical power which
can be measured. It follows that the NEP parameter is given by the
equation:

NEP=1,/R (inW) [1.8]

In the case of white noise, the noise current /, increases as the
square root of the bandwidth of the photodetector device. It follows
that it is preferable and customary to use the following expression for
the NEP, normalized with respect to the bandwidth BW:

NEP* = NEP-(BWV) 12(inW-Hz ‘/2) [1.9]

In semiconductors, there are five sources of noise:

— shot noise, mainly due to the random nature of the collisions of
incident photons;

— thermal noise, due to random collisions of charge carriers with
the atoms of the crystal lattice, in permanent vibration due to thermal
motion;

— partition noise, caused by the separation of the electric current
into two parts flowing across separate electrical contacts;
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— generation-recombination noise, caused by the random
generation and recombination of charge carriers, either band to band
or via trapping levels situated in the bandgap;

— 1/f noise, associated with the presence of potential barriers at the
level of the electrical contacts. This last type of noise dominates at
low frequencies.

1.8.4. Detectivity

This figure of merit is defined by the equation:
D=(NEP) ' =R /1, (W ") [1.10]

In general terms, the photocurrent signal increases in proportion to
the active optical area 4,,,, and in addition the noise current increases
with the square root of the product of the active optical area with the
bandwidth BW. It follows that the preferred method of comparing
between different photodetectors is to use an expression for the
detectivity normalized with respect to these parameters, written:

D*:D-(Aopt-BP)l/z:(R[/Ib)-(AOp[-BP)I/Z(inWl-cm.Hzl/z) [1.11]

The normalized detectivity is the most important parameter for
characterizing a photodetector because it allows direct comparison of
the performance of photodetectors using technologies and methods of
operation which are at first glance very different. It is clear from the
preceding definitions that the determination of the NEP and the
detectivity requires measurement of three parameters: the response
coefficient, the bandwidth and the noise current of the photodetector
device. The measurement of the noise current must be made in
darkness. The device is biased using a very stable voltage source, and
the entire measurement system must itself have an intrinsic noise level
considerably lower than the intrinsic noise of the photodetector device.



Chapter 2

PIN Photodiodes for the
Visible and Near-Infrared

2.1. Introduction

Photodiodes are optoelectronic devices with two electrodes and
asymmetric electrical characteristics. They are normally reverse-
biased (biased in the non-conducting direction) and used to convert
optical fluxes into electrical currents. The term PIN refers to the three
doped semiconductor layers in their active part, of types P, intrinsic
and N respectively, a structure which aims to optimize the
characteristics compared to those of simple PN junction photodiodes.

hv
> 7 Z
P ) A P
) ) +
I ) hv Ao I
N Y v N

Figure 2.1. Schematic layout of PIN photodiodes: collinear optical flux and charge
transport on the left, orthogonal on the right

Chapter written by Baudoin DE CREMOUX.
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Figure 2.1 shows the basic processes taking place in a PIN
photodiode:

— generation of an electron-hole pair through absorption of a
photon, most probably in the I region, either using radiative or non-
radiative processes;

— transport under the effects of the electric field present in the I
region: of the electron towards the N region and of the hole towards
the P region, then to the external circuit through the metallic contacts
deposited on the surfaces, which have a window where required.

Thus, the absorption of a photon in the I region leads to the
transport of an electron in the external circuit. Figure 2.1 shows the
possible arrangements for the optical flux and the electrical current.
Collinear geometry is the most commonly used. We use it as the
reference type for the analysis of photodiode characteristics. After this,
we will consider orthogonal geometry.

The spectral domain of interest, mostly from 400 to 1,700 nm,
determines the materials used to fabricate photodiodes. This design is
the most mature of the semiconductors, and as a result almost all
photodiodes used in this domain have a PIN structure, or their central
layer is at least weakly doped compared to the P and N layers.

This chapter is organized in order to first provide the reader with
the basic tools to understand the concepts of PIN photodiodes for a
given application, then it describes the devices which are currently
available or which should be available soon. With this aim in mind,
section 2.2 recalls some of the physics of semiconductors,
emphasizing the processes taking place in photodiodes, the pertinent
characteristics of the materials and the notations used later in the text.
Sections 2.3 and 2.4 establish the simple quantitative relations
between the structure of devices with typical geometries and their
static and then dynamic characteristics. We will stress the
compromises required among these characteristics if we are to keep a
particular geometry. Section 2.5 then describes the properties of
photodiodes with collinear geometry, currently used in a numerous
professional and mass-market systems. Finally, section 2.6 describes



PIN Photodiodes for the Visible and Near-Infrared 17

advanced devices with novel structures which push the boundaries of
the previously-discussed compromises. These are for the most part
laboratory devices which could find applications in real-world systems.

2.2. Physical processes occurring in photodiodes

2.2.1. Electrostatics in PIN diodes: depleted region

Ap

Depleted region

AE
0

Y

AV

, T |10
Vpr— Vo |
Y

Figure 2.2. From top to bottom, profiles of fixed charge density,
electric field and potential across a reverse-biased PIN diode

Y

In the neighborhood of a PN junction there is a region devoid of
free charge carriers (the depleted region) where fixed ionized
impurities can be found, negative on the P side and positive of the N
side, forming a space charge region (SCR). By integrating the Poisson
equation twice in the z direction:

v o) 2.1



18  Optoelectronic Sensors

Where p(z) is the charge density and € is the dielectric constant, we
can obtain the profiles of the electric field £ and the potential V" across
the structure. In the case of an abrupt PN junction, the thickness of the
depleted region varies as \/( Ver—V) where Vg, is the built-in or
diffusion potential present in the absence of external bias applied to
the diode, and V is the voltage across the terminals of the diode. As a
result, the capacitance of the junction decreases when the reverse-bias
voltage increases in absolute value. The case of a PIN diode structure
is considered in Figure 2.2, showing in sequence the profiles across
the structure of the density of fixed charges, of the electric field and of
the potential.

In the realistic approximation that the densities of ionized
impurities are much greater than the density of residual impurities in
the I region (typically by a factor of 100), we draw the following
conclusions:

— the extension of the depleted region into the P and N regions is
negligible, and the depleted region is to all intents and purposes
coincident with the I region whose thickness, represented by d in the
rest of this chapter, is a very important parameter in the definition of a
PIN photodiode;

— the capacitance of the junction is independent of the reverse-bias
voltage. It is given, as for a conventional capacitor, by:

S
C == 2.2
J gd [2.2]

where S is the area of the junction;
— the electric field is constant in the depleted region and, insofar as
V >>Vp,, its value is

E~V/d [2.3]

These approximations will be used throughout the remainder of the
chapter unless explicitly stated otherwise.
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2.2.2. Mechanisms of electron-hole pair generation

2.2.2.1. Radiative generation and optical absorption

Electronic transitions between permitted levels in the valence band
(VB) and levels in the conduction band (CB) can occur under the
action of photons transferring their energy to the electrons. Thus, a
photon can be absorbed, creating an electron-hole pair. This process of
radiative generation, shown schematically in Figure 2.3, is the inverse
of the process of recombination which gives rise to stimulated
emission of photons in laser diodes.

It follows from this that the only photons absorbed efficiently are
those whose energy /v is greater than the width of the bandgap £ of
the material under consideration:

Ww>E,=E.—E, [2.4]
E A
) :__C‘B:__:
Ec
Eg fuill:*T
E\J ‘
:__\;B: +:

Figure 2.3. Radiative generation

The material is transparent to photons with lower energies. The
parameter Eg is thus a criterion in the choice of materials when
designing a photodetector. Optical absorption is characterized by the
coefficient of absorption & (cm), according to the relationship:

dF

L [2.5]
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where F (cm2s71) is the photon flux propagating in the z direction.
The level of radiative generation G (cm3s~1), the number of electron-
hole pairs created per unit volume and time, is therefore:

Gp

—aF [2.6]

It follows from these definitions that the level of radiative
generation in a homogenous material, for a photon flux £ falling on a
surface at z=0, can be written:

Gy = aF,exp(—az) [2.7]

We see that 1/« (cm) gives an order of magnitude for the distance
required to absorb the radiation. Furthermore, the knowledge of
variation of « with photon energy (or with their wavelength) is
essential for the choice of materials for use in a photodetector. Figure
2.16 shows graphs for the main semiconductors used in the spectral
domain under consideration in this chapter.

The shape of these graphs and the magnitude of ¢ depend on the
direct or indirect nature of the band structure of the material. This
nature is defined in Figure 2.4 which represents, for the two types of
material, the variations in energy of the electrons, with the wavevector
k describing their motion in the periodic crystal lattice.

AE AE

A~ NS

Eg hy Eg /JJ
g

Figure 2.4. Direct bandgap on the left and indirect bandgap on the right
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For materials with a direct bandgap (such as gallium arsenide) the
main minimum in the conduction band is found at the same vector k
as the maximum in the valence band. Furthermore, radiative
transitions must simultaneously conserve the energy and momentum
of the particles involved (the photon and electron). The momentum of
the electron is much greater than that of the photon, and as a result
radiative transitions are effectively vertical and connect with a high
probability those states at the top of the VB and those at the bottom of
the CB.

The opposite is true for materials with an indirect bandgap (such as
silicon), and radiative transitions require the involvement of the third
particle, a phonon, to provide the difference in momentum between
the initial and final states. These transitions are much less probable
and o grows much less quickly with the energy of the photons above
Eg.

2.2.2.2. Non-radiative generation

As well as the radiative processes there are also non-radiative
processes of generation-recombination. Thus, in the SRH (Shockley
Read Hall) process shown in Figure 2.5 in generation mode, the
required energy is “borrowed” from the thermal motion of the crystal
lattice. This is one of the contributions to the dark current of
photodetectors, a detrimental parasitic phenomenon.
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C @ ‘
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F\ *
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Figure 2.5. Non-radiative SRH generation
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The transition takes place in two parts, via a “deep state” of energy
E7, which is close to the middle of the forbidden band and is the result

of a crystal defect (impurity, vacancy, etc.). The rate Gyg (cm=3s7!) of
SRH generation-recombination can be written [SZE 81, p. 35]:

O'HO'pvthN ( np)
E.—E

_ 2.8
NR s 28]

kT

I

O, |n+n,exp +0'p p+n,expl—

with the following notation:

— 0, and 0, capture cross-sections for electrons and holes by the
deep state;

— v¢h, thermal velocity (Vm =, /(3k T/m *)),

— Np, density of deep states;

— nj, intrinsic electron density;

— n and p, electron and hole densities;
— E}, middle of the forbidden band;

— kT, Boltzmann factor.

In the depleted region of a photodiode we have np = n . If we

further assume that 0,=0,=0 and Er=E;, and define an effective
lifetime 7.4

=nv, Ny [2=n][7, [2.9]
We also know that:
n’ = NN, exp(— E [kT) [2.10]

where N¢ and Ny are the equivalent densities of state for the CB and
VB. We can draw the following conclusions from this:
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— Gyg increases very rapidly as the ratio Eg/kT decreases;

— Gy 1s not an intrinsic characteristic of the material, but depends
for its purity on Ny.

In an electrically neutral region of type p(n), where the electron
(hole) deficiency relative to thermodynamic equilibrium is on(dp), if
we define m(zp) as the lifetime of the minority electrons (holes), it
follows that:

G\r =0nov, N, = 5n/z’n [2.11]

SRH non-radiative generation is particularly active at the surface
of devices, where the density of defects is very high. It can be
reduced by a passivation treatment; for silicon the most effective is
the deposition of its natural oxide SiO,, silica. Another process of
non-radiative generation is shock ionization which occurs in a
semiconductor material under a strong electric field. It grows with
E¢ and the breakdown field is of the order of Ez = 105 V/cm for the
materials considered. This effect is one cause of breakdown in
diodes, limiting the reverse-bias voltage that can be applied. It is
exploited as a gain mechanism in the avalanche photodiodes which
are described in Chapter 3, and whose structure is optimized with
this in mind.

2.2.3. Transport mechanisms

The charge carriers, electrons and holes generated by the
aforementioned processes, are transported in the device to the two
electrical contacts that transfer it to the external circuit — specifically,
to the load resistance across the terminals, across which the electrical
signal is measured.
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2.2.3.1. Transport under electric field and resultant current

In the depleted region of a photodiode (normally reverse-biased) an
elevated electric field is present, and the electrons and holes are driven
at a speed which depends on the intensity of the field, as shown in
Figure 2.6.
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Figure 2.6. Characteristics v,(E) and V,,(E) in logarithmic coordinates

For electric fields such that £ < 10° V/em, the velocities are
proportional to £ (linear regime) and we have:

v, (E)=n, E [2.12]
where 4, and w4, (cm?/Vs) are the respective mobilities of electrons
and holes. For electric fields such that £ > 104 V/cm, the velocities are
fairly constant and equal to a saturation velocity of the order of
ve=107 cm/s. Between these two regions, and for certain materials,
the electron velocity passes through a maximum (high mobility
regime).
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2.2.3.2. Transport along the concentration gradient and diffusion
current

In the contiguous electrically neutral regions in the depleted region,
electrons and holes can be transported in the absence of an electric
field under the effect of their concentration gradients. Their fluxes F,
and F), can be written:

_ on,p
mp  Tmp g,

[2.13]

where D, =u, kT/ q (cm2 / s) are the diffusion coefficients.

The various recombination processes are also active in these
regions, such that the electrons and holes are only efficiently
transported over a distance known as the diffusion length and given

by:
L, =yD,, %, [2.14]

2.3. Static characteristics of PIN photodiodes
2.3.1. IV characteristics and definition of static parameters

Figure 2.7 shows I/V curves, linking the current crossing a
photodiode to the voltage across its terminals for three illumination
conditions. From this we can extract the parameters commonly used to
characterize photodiode operation, whose relations to the structure of
the device are described in the following sections. The photocurrent /p
produced by a photodiode is proportional to the illumination across a
large range of optical power P. The coefficient of proportionality is
the response coefficient R (A/W) (responsivity), not to be confused
with the sensitivity, which measures the minimum optical power
detectable by an optical detector, and which depends on the circuit
into which the photodiode is inserted and the specifications of the
signal to be received.
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Figure 2.7. I/V characteristics of a photodiode, inserted in the circuit shown
and under several illumination conditions

The external quantum efficiency 7, links the generated electron
flux to the incident photon flux. Thus, we have:

R:[—P:in [2.15]
P hv'f

where ¢ is the charge of an electron and /v is the energy of a photon.

The dark current /, discussed in section 2.3.3, is caused by non-
radiative generation and/or the tunnel effect.

The saturation current /,; is the photocurrent above which several
mechanisms limit the linearity of the response:

— the intrinsic mechanism, due to the screening of the electric field
in the depleted region by the space charge that is produced by the
mobile charge carriers created by the illumination (see section 2.3.4);
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— the circuit-dependent mechanism, caused by the voltage drop
across the load resistance (see the circuit in Figure 2.7).

A gain, characterized by the multiplication coefficient M defined

by:
1

1,+1,

[2.16]

can be obtained under a high reverse-bias voltage V,p in avalanche
photodiodes (see Chapter 3). The breakdown voltage Vp is the highest
reverse-bias voltage the diode can support. For V'=Fp the dark current
grows very rapidly and the power dissipated in the diode can lead to
its destruction.

2.3.2. External quantum efficiency

The external quantum efficiency defined above can be thought of
as the product of an internal quantum efficiency 7; and an optical
efficiency 7,, the ratio of the photon flux entering the device to the
flux of photons incident on its surface. These two ratios, which are
both dependent on the wavelength, are considered in the following
text.

2.3.2.1. Optical efficiency

The optical refractive index n of the semiconductors under
consideration is in the region of 3, and as a result the incident light
rays are refracted and reflected at its surface. At normal incidence,
used as the reference situation, the Frensel transmission coefficient
determines the optical efficiency:

4n
(1)

which is of the order of 70% and depends little on the wavelength and
the angle of incidence. It is possible to achieve optical efficiencies
close to 100% at a given wavelength A, by depositing an antireflection

[2.17]

n,=
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coating on the surface, for example of refractive index Jn and
thickness /1/ (4\/; ) The optical efficiency therefore depends on A and

on the angle of incidence.

2.3.2.2. Internal quantum efficiency

The electron-hole pairs created by the absorption of photons
entering the device may, or may not, give rise to a current flow in the
external circuit, depending on where they are generated in the
structure. If generation is in the depleted region, the electrons and
holes are separated by the electric field, as shown in Figure 2.1,
leading to the passage of one electron for each absorbed photon: thus,
the internal quantum efficiency is 100%. In the case of generation in
the electrically neutral P and N regions, where the electric field is
weak, only the electrons (or holes) generated less than one diffusion
length away are transported into the depleted region, and the internal
quantum efficiency is in most cases weak.

It is therefore desirable to design a photodiode in such a way that
the radiation should be entirely absorbed in the depleted region.
Figure 2.8 shows a model which provides a good evaluation of the
internal quantum efficiency of a PIN photodiode, as a function of the
nature of the material on whose surface the radiation falls. The curves
1 and 2 represent the profiles of the radiative generation rate Gy across
two structures. The structure for curve 1 is that of a homojunction PIN,
where all of the materials used have the same width of bandgap,
which is below the energy of the photons to be detected. The radiation
is assumed to be incident from the p side, and part of the radiation is
absorbed there, where the quantum efficiency is negligible. Another
part is absorbed in the i region, and has a quantum efficiency of 100%.
Finally, the contribution of the residual radiation entering the n region
is also negligible. The quantum efficiency can therefore be written:

1, = exp (fadp)[l —exp (fad)} [2.18]

where the definitions of dp and d can be found in Figure 2.8.
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Figure 2.8. Optical generation rate across the structure of two PIN
photodiodes: curve 1 shows a homojunction PIN photodiodes,
curve 2 shows a heterojunction PIN photodiode

Curve 2 corresponds to a PIN photodiode, with the capital P
indicating that the material in the P region has a bandgap width greater
than the energy of the photons to be detected and which is therefore
transparent to them. The same reasoning provides us with the quantum
efficiency:

1, =1—exp(—ad) [2.19]

2.3.3. Dark current

The dark current is the sum of several contributions: non-radiative
generated currents requiring an input of energy (such as the SRH
process) and the tunneling current, which does not require such an
input. These two processes are represented in Figure 2.9 for a sharp
p™n homojunction.
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2.3.3.1. Generation currents

According to equation [2.9], the dark current contribution of
generation in the depleted region is:

Iy = SdG,y, = Sdn, |7, [2.20]

Taking account of equation [2.11] — of the fact that the shortage of
electrons (holes) in the p(n) material near the depleted region is

on,p=n} / N,p, and the fact that the thickness of the p(n) material is
L, , (see section 2.2.3.2) — the generation contribution in the neutral p
and n regions can be written:

1y=Sqn} (L, /N 7, +L, [Ny, ) [2.21]

This is the traditional expression for the reverse current of a diode
according to Shockley.

Generation VB

Figure 2.9. Profile of the VB and the CB of a reverse-biased p+n junction.
The generation process (shown here in the depleted region) requires an
input of energy, the tunnel process occurs at constant energy
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Thus, we see from equations [2.20] and [2.21] that the generation
current is primarily a function of »; and varies very rapidly with E/kT.

2.3.3.2. Tunneling current

Using the tunneling effect electrons can also be transported at a
constant energy across the triangular potential barrier present at the
junction, as long as it is narrow enough. A calculation of the current
gives the following expression [STI 82]:

% 3 ) *E3/2
[ =N EV N2 g [2.22]
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where E=V/d is the electric field in the depleted region, which is
constant for a PIN diode. From equation [2.22] we determine that, for
a given material, /7 increases very rapidly with the voltage V" across
the terminals of the diode, mostly as a result of the increase in E.
Additionally, [I; increases when FEg; decreases, such that the
contribution of the tunneling current to the dark current is most
significant for photodiodes made of materials with a small bandgap.

2.3.4. Breakdown voltage

2.3.4.1. Zener breakdown via the tunneling effect

The very rapid variation of the tunneling dark current with the
reverse-bias voltage is the first process of breakdown. This mainly
applies to materials with a narrow depleted region and a small
bandgap; the two parameters which reduce the width and the height of
the potential barrier at the PI junction. The tunneling effect can be the
dominant one in the materials used for detection of the longest
wavelengths considered in this chapter (see section 2.5.3.2), if the
doping level of the i zone is too high [TAK 80].
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2.3.4.2. Avalanche breakdown

We can define a critical electric field E., of the order of
2 x 105 V/cm for the lightly-doped materials considered in this chapter,
where the multiplication coefficient becomes infinite and leads to
breakdown. In the case of PIN photodiodes, which are not designed to
take advantage of avalanche gain, breakdown can arise locally, most
often around the edge of the junction where the point effect increases
the electric field. The breakdown voltage is therefore approximated
below by:

Vo2 E.d [2.23]

2.3.5. Saturation current

2.3.5.1. Extrinsic limitation by the voltage drop across
the load resistance

In order to have a linear response, the photodiode must remain
reverse-biased (V'<0) so that the carriers are separated by the electric
field in the depleted region. Thus, it can be seen in the simple bias
diagram of Figure 2.7 that for a bias voltage Vj, the voltage drop in
the load resistance R; can cancel out the voltage V across the diode
terminals for a limiting current /,, such that:

1,,=V,/R, [2.24]

2.3.5.2. Intrinsic limitation by the space charge of mobile
charge carriers

It is especially important to take into account the contribution of
mobile charge carriers to the electric field £ in the depleted region for
high levels of incident optical power. Specifically, £ must satisfy the
following conditions:

[2.25]

in order to avoid breakdown of the junction.
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We will determine the maximum value /), of the photocurrent that
simultaneously satisfies these conditions for a heterojunction PIN
structure, with a coefficient of absorption in the i region such that od>>1,
and all the illumination is absorbed close to the Pi junction. We further
assume that the mobile electrons in the i region are transported with the
saturation velocity vy, independent of the electric field.

Figure 2.10 shows the density profiles of the fixed and mobile
charges and the electric field profile across the structure. Given the
hypotheses set out in this section, it follows that the charge density
due to electrons is p=J/v,, where J is the current density, the
electric field variation in the depleted region is SE = pd/e and the
maximum current [y, obtained when JE = E,, can be written:

I, =Cv.E, [2.26]

where C; is the capacitance of the junction.

PA

j Depleted region (I = 0)
[E| A _Depleted region (I =Iy)

Figure 2.10. Space charge density and electric field, for I=0 (dotted line)
and for I=1I); (solid line). For I=1),, the electric field varies
from 0 to the breakdown field Eg
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Note that, for this value of current, the voltage across the terminals
of the junction is

V=E,df2=V,/2 [2.27]

We can easily show that, regardless of the components in the bias
circuit, the part of the curve representing the variation of the electric
field in the depletion region (marked Q) rotates around a fixed point
as the photocurrent varies. Its position depends on the values of V) and
Rr; Figure 2.10 provides an example where R; = 0 and the voltage
across the diode terminals is constant and equal to the bias voltage V
= Vc/ 2.

2.4. Dynamic characteristics of PIN photodiodes

2.4.1. Intrinsic limitations to the speed of response
2.4.1.1. Transit time in the depleted region

The transit time of photocarriers in the depleted region is the first
limit to the response time of the photodiode. Its analysis is carried out
here with the same approximations as in section 2.2.1, which is a good
representation of the properties of real PIN diodes. Figure 2.11 shows
the electric charge profile in the depleted region at a time ¢ after a brief
impulse signal, of energy W, which was applied to the photodiode at
time 0. The packet of generated electrons is transported at speed vy
and takes time 7; =dv, to cross the depleted region.

PA
P i

Figure 2.11. Density of mobile charges produced in the depleted region of a
PIN photodiode in response to an optical impulse 0 (z, t)
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Figure 2.12. Impulse and frequency response of a

PIN photodiode limited by the transit time

The solution of Maxwell’s equations for the case R; =0 shows that
the current generated by the diode is the rectangular impulse shown in
Figure 2.12, of duration 7; and of intensity:

I, = (g/mv)W,/z, [2.28]

The frequency response can then be obtained by Fourier
transforming the impulse response. This is shown in Figure 2.12 and
given by:

I1(f)=1,sin(zf7,)/7fT, [2.29]

The 3 dB cutoff frequency (I ( f )/ I,= 1/ 2 ) is:
f,=0.44/z, [2.30]

We see that this varies as 1/d. In the case where ad <<1 and the
generation is uniform in the depleted region, the more accurate model
presented in section 2.4.2.2 shows that we obtain the following
numerical result:

f, =055/, [2.31]

We see that regardless of the value of od, we can apply this
approximate numerical expression, which we will continue to use:
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f,=1/2z, [2.32]
Also, equation [2.19] shows that if ad <<1 we have:
n = od [2.33]

Thus we see from equations [2.32] and [2.33] that the product 7;f;
only depends on the characteristics of the material in the i region:

n.f = m/s/2 [2.34]

from which we conclude that, for the geometry considered and for a
particular wavelength and material, we must accept a compromise
between the internal quantum efficiency and the speed of response.

2.4.1.2. Diffusion time in the neutral regions

When the optical generation occurs in one of the electrically
neutral regions, n or p, the minority photocarriers must initially be
transported by diffusion to the edges of the depleted region, in which
they can be transported by the electric field. This process can be
characterized by a diffusion time 7; which we can show has an order
of magnitude:

z,~d*/D, [2.35]

for electrons (holes) generated in the p(n) region. In practice the
diffusion time is always greater than the transit time in the depleted
region and has the effect of reducing the response speed of
photodiodes. Therefore, excluding some exceptions (see section 2.6.4),
it is desirable to design these devices such that the absorption of
photons takes place in the depleted region, both to optimize the speed
of response and the quantum efficiency.

2.4.1.3. Trapping at the Pi heterojunction

An additional parasitic mechanism can slow the speed of
heterojunction PIN photodiodes. The holes generated in the i
region, which has a small bandgap, can be trapped at the interface



PIN Photodiodes for the Visible and Near-Infrared 37

with the P region by discontinuity in the valence band. They can
then be emitted by thermo-ionic effects, although with delay, into
the P region. This effect is particularly marked for holes, whose
effective mass is greater than that of electrons. The proposed
remedy [FOR 82] is the use of gradual heterojunction or layers
with an intermediate-sized bandgap in order to reduce the potential
barrier presented to the holes and to make it easier for them to
cross through tunneling or thermal effects. We will assume below
that the structures of the devices are designed in such a way that
these effects are rendered negligible.

2.4.2. Limitations due to the circuit

2.4.2.1. Response of the basic -circuit, optimum thickness
of the i region

In order to produce a signal, a photodiode is inserted into a
circuit whose components also contribute to limit the bandwidth of
an optical detector. The most simple circuit is shown in Figure 2.13,
consisting of the capacitance of the junction C;, in parallel with a
load resistance R;, with a negligible impedance of the source at
high frequencies. This circuit is driven by the photodiode generated
current, whose response is independent of the voltage at its
terminals.
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Figure 2.13. 3 dB cutoff frequency of a PIN photodiode, as a function of the thickness
of the depleted region. The material is assumed to be GalnAs/InP, the width of the
active region 10um and the load resistance 50 Q

The impulse and frequency response of such a resistor-capacitor
network are well known. The frequency response is given by the
expression:

1
1(f)= 0 [2.36]
\/1 +(2mR,C,)

and the 3 dB cutoff frequency is:

fre =1/(27R,C)) [2.37]

We see that fpo varies with d. The cutoff frequencies f; and fz¢
vary inversely with d, thus there is an optimal thickness for the
depleted region which maximizes the global cutoff frequency f3p.
Figure 2.13 shows the cutoff frequencies variation with d for a typical
PIN photodiode.
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The optimal thickness of d is obtained when f,= fz¢, giving:
7, =7R,C, [2.38]

The maximum cutoff frequency is then

1%

=3 2.39
fan od [2.39]

2.4.2.2. Response of a real PIN photodiode

It is also interesting to consider the results of a more complete
analysis [BOW 87] of a photodiode made of GalnAs/InP, designed for
optical telecommunications at a wavelength of 1.3 pm, taking into
account:

— the finite value of the optical absorption coefficient: = 1.3
10* cm—1;

— the different saturation velocities for electrons and holes v, =6
10° cm/s and V= 4.8 10° cm/s;

— the inevitable parasitic capacitances of the circuit: Cp = 50 fF;

— a parasitic inductance L, caused by the connecting wires,
adjustable and kept as a free parameter.

The illumination is assumed to be incident at the N side of the
structure, and the diameter of the active region is assumed to equal
30 um. Figure 2.14 shows the response curves of the photodiode
inserted in its circuit, with five examples of the parameters d and L
listed in Table 2.1 along with the performances obtained, the cutoff
frequency and the internal quantum efficiency. The load resistance
was kept constant: R; = 50 Q.
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N° d (um) L (nH) | f34, (GHz) i
1 10.0 0.00 22 1.00
2 0.1 0.00 34 0.12
3 1.0 0.00 17.0 0.73
Bl 1.0 0.25 243 0.73
5 1.0 2.50 NA 0.73

Table 2.1. Values of the parameters for the curves in Figure 2.17
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Figure 2.14. Frequency response of a PIN photodiode made
of GalnAs/InP at 1.3um, inserted into the circuit shown.
The parameters of each curve are given in Table 2.1

Curves 1 and 2 show behaviors limited by the transit time and by
the circuit respectively. Curve 3 corresponds to a depleted region
whose width is close to the optimum, while curve 4 shows that its
response can be further improved by parasitic induction. For a higher
value of inductance (curve 5), the bandwidth is reduced, but a gain in
signal is obtained.
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2.4.3. Power-frequency compromise, sz “law”

For certain optical transmission systems, it is desirable to use a
distortion-free increased electrical power in the sinusoidal regime
across the resistance R; loading the photodiode. In particular, this
allows us to simplify the electronics of the receiver, and is made
possible by the current availability of powerful modulated optical
sources or optical preamplifiers. Given the maximum frequency to be
transmitted, the problem is now to design a photodiode, defined
mainly by the thickness d of the depleted region and by the area S of
the active region, as well as select the bias voltage V} in a circuit, as in
Figure 2.7. We assume that the incident optical power is modulated at
a level of 100%.

Ve -3Vdd V2

A

\ i,
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A
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Figure 2.15. Excursion from the operating point of the photodiode in a plot of its I/V
characteristics: allowing us to determine the maximum RF electrical power. Points A,
A’ and A’ are respectively the mean and extreme points
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In order to maximize the RF power dissipated in the load, the
photocurrent must vary sinusoidally (see Figure 2.15) between 0 and
the maximum value [, given by equation [2.25], as well as the voltage
varying between the breakdown voltage Vg given by equation [2.23]
and the voltage V/2 (equation [2.27]). The maximum effective power
is therefore:

2

v E;d?
p, =t |lc| =25 [2.40]
2R | 4| " 2R,
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If we assume that the photodiode is optimized for its frequency
response, and we eliminate d from [2.39] and [2.40], it follows that:

ElV
P, fisRe = ﬁ [2.41]

This expression shows that, for a fixed value of the load resistance,
the product P, f3%/3 only depends on the properties of the

semiconductor material used for the i region. We should note that the
numerical coefficient 1/256 is a maximal value which may in fact
depend on the detailed specifications of the nonlinearity of the
transmission system considered. Equation [2.41] is analogous to the
known result for electronic components such as transistors [JOH 64].
We can note that this limitation a photodiode can generate on the RF
power is of a purely electronic origin; in addition, thermal effects can
severely limit it, in particular for components designed for low
frequencies.

2.5. Semiconductor materials used in PIN photodiodes for the
visible and near-infrared

2.5.1. Absorption of semiconductors in the range 400-1,800 nm

The absorption functions of the main semiconductor materials or
semiconductor families used to build PIN photodiodes in the spectral
range considered in this chapter are shown in Figure 2.16. They can be
chosen as a function of the wavelengths to be detected. Other
materials have been studied in the past, but have not taken off in
practice for numerous reasons; these will be mentioned briefly later on.



PIN Photodiodes for the Visible and Near-Infrared 43

105

| GalnAs/InP
1041

1031

Absorption coefficient (cm-1)

GalnAsP/InP

) ] N
600 800 1,000 1,200 1,400 1,600 1,800
Wavelength (nm)

Figure 2.16. Absorption spectra for semiconductor materials used in the
visible to near-infrared range

2.5.2. From 400 to 900 nm: silicon and the GaAlAs/GaAs family

These two materials have achieved a good technological maturity
under the demands of the integrated circuit market, and as such they
are the natural choice for this spectral domain. However, the shape of
their absorption functions demonstrates their difference in bandgap
nature, which is indirect for silicon and direct for gallium arsenide.

2.5.2.1. Silicon

Silicon has an indirect bandgap and its absorption coefficient
slowly increases below the corresponding wavelength (Ag =
1,100 nm), reaching the value of 103 cm™! for A = 800 nm. The
interface with its natural oxide, SiO,, produces very few electronic
states in the bandgap, which is the main factor enabling the
development of planar and MOS technologies, and ultimately very
high density integrated circuits. On the other hand, this semiconductor
has not, as yet, contributed to the design of heterojunction
optoelectronics with competitive performance.
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Figure 2.17 shows the spectral response of a silicon photodiode
designed for optical fiber telecommunications. The structure of the
device is chosen (with a depleted region thickness around 30 pm) in
order to increase quantum efficiency to between 600 and 900 nm
where weakly-attenuating fibers and high performance electro-
luminescent emitters are available. It is possible to extend the spectral
response slightly towards the infrared by increasing the thickness of
the intrinsic region, in particular for detection of the A = 1,060 nm
radiation from solid-state neodymium-doped YAG lasers. The drop in
efficiency at short wavelengths, due to optical absorption in the
surface layer, can also be minimized in the near-ultraviolet by several
methods.

The response speed is often limited to less than 1 GHz by the
transit time, in particular for components whose response has been
extended into the infrared. The dark current is mostly caused by
current generation in the depleted region, thanks to the effectiveness
of the surface silicon passivation, which is of the order 10-7 A/cm?.

The maturity of silicon technology allows the construction of a
variety of photodiode types, potentially with multiple regions of
sensitivity, and offered at a low price. As a result, they are used for
short-range telecommunications in numerous professional systems
(automation, Lidar, etc.) or mass-market systems (optical disk readers,
photographic equipment, etc.). CCD and MOS imagers also form part
of the family of silicon-based photodetectors.
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Figure 2.17. Spectral response of photodiodes, made of silicon
for optical telecommunications and of experimental
GaAlAs/GaAs without antireflection treatment

2.5.2.2. Gallium arsenide and similar materials

Gallium arsenide has a direct bandgap; its absorption coefficient is
approximately 104 cm™! for 4 = 800 nm and increases very rapidly
below the corresponding wavelength A; (A = 870 nm). Highly
developed for the construction of microwave integrated circuits and
diode lasers, it is available as a high-quality substrate for creating
defect-free heterojunctions with  Ga;_ AlyAs, Ga;_InAs, P, and
AlGayIn;_,_ As alloys.

In fact, there has been interest in heterojunctions from the
GaAs/GaAlAs system for photodiode and solar cell fabrication since
the 1970s [ALF 70], and components showing good performance have
been demonstrated [LAW 79]. A spectral response function is given in
Figure 2.17, showing the typical shape for a heterojunction photodiode:
rapid cutoff at long wavelengths, absorption in the direct-bandgap i
material, internal quantum efficiency close to 100%, and cutoff at
short wavelengths due to absorption from the large-bandgap window
layer. The density of the dark current is of the order of 108 Acm=2 at
V/2 and a product 7;f; of the order of 20 GHz can be achieved for
conventionally-structured devices. Alongside heterojunctions, the use
of Schottky diodes based on GaAs has also been demonstrated. In
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addition, the deposition of ITO (indium tin oxide), a conductive and
transparent material, has allowed the development of fast photodiodes
based on GaAs [PAR 87]. MSM (metal-semiconductor-metal)
photodiodes, discussed in Chapter 5, can also be thought of as
Schottky photodiodes.

Despite these encouraging and already well-known characteristics,
GaAs-based photodiodes have not seen significant development since
2001, except in solar cells. This is probably due to the cheap cost of
silicon components whose speed of operation is adequate for real-
world systems. This situation may change if the need arises for optical
transmissions above 1 Gbit/s within the spectral range covered in this
section.

2.5.3. From 900 to 1,800 nm: germanium, GalnAsP/InP...

This spectral range is mostly used for long distance transmissions
and broadband over silica fibers. These systems have driven the
development of photodetectors, initially in germanium — which
predated the emergence of optical telecommunications — and then in
various families of semiconductor compounds, with the GalnAs alloy
on InP substrate finally prevailing.

2.5.3.1. Germanium

Germanium has an indirect bandgap and its absorption coefficient
increases slowly below Ag, then more rapidly for 4 < 1,500 nm where
its conduction band also has a direct minimum for k£ = 0 (see Figure
2.4). The need for photodetectors for telecommunications was the
drive for an important effort in the 1970s in the development of
germanium photodetectors [KAN 85]. However, several factors
finally brought an end to their application in this domain, along with
the increasing use of GalnAs/InP:

—non-existence of materials allowing the construction of
heterojunctions;
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— limitation of the spectral response around 1,550 nm for fast
photodiodes, due to the shape of the absorption spectrum;

—high dark current due to an insufficient control of the surface
preparation.
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Figure 2.18. Spectral response of state-of-the-art photodiodes in 2000: in germanium
for instrumentation and in GalnAs/InP for optical fiber telecommunications

Figure 2.18 shows the spectral response of a germanium
photodiode aimed at scientific instrumentation. The dark current
densities are of the order of 10# Acm2 and the cutoff frequencies are
limited by the circuit to a few hundred MHz, depending on the active
surface.

2.5.3.2. Indium phosphate and related materials

Solid solution crystals from the GayIn; xAsyP;_y family formed into
a crystal lattice on InP substrates (y=2.2x) all have an indirect
bandgap, with Gag43Ings7As having the smallest bandgap of the
family (Ag = 1,650 nm). Its absorption spectrum, as well as that of InP
(Ag = 920 nm), is shown in Figure 2.16. The composition of the solid
solution can be selected to give a bandgap width anywhere between
those two values.
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The technology of these materials was initially driven by the
development of electroluminescent emitters, electroluminescent
diodes and laser diodes, required for long distance transmissions. It
has been of benefit to photodetectors which have established
themselves as rivals to germanium photodetectors.

The main stages in the “planar” fabrication procedure for PIN
heterojunction photodiodes are shown in Figure 2.19. It is analogous
to that of the devices described above, but we note in particular that
the PIN junction emerges at the surface in the wider-bandgap InP
material, which contributes significantly to the reduction in the dark
current. The transparency of the substrate allows the possibility of the
illumination being in this direction (rear illumination).
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Figure 2.19. Fabrication stages of PIN photodiodes in GalnAs/InP by “planar”
technology: 1) epitaxial deposition of the absorber and window layers,
2) deposition of the dielectric and etching of openings, 3) zinc diffusion
(p-type impurity), and 4) attachment of metallic contacts

Figure 2.18 shows the spectral response of a photodiode targeted
for optical telecommunications. This diode has had an antireflection
treatment applied which allows it to approach an external quantum
efficiency of 100% across a large spectral band. The dark current
density is of the order of 10> Acm and, as we saw in section 2.4.2.2,
the cutoff frequency of a photodiode with an optimized structure can
surpass 20 GHz while retaining a high quantum efficiency. The
spectral response is limited to around 1,700 nm when the absorbing
layer is exactly matched to the InP substrate. This can be extended
beyond 2,000 nm with the use of unmatched materials, at the expense
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of the dark current, for certain applications (imaging, spectroscopy,
etc.) [LIN 92].

2.5.3.3. Other materials [PEA 85]

The integration of the GaAlAsSb family into GaSb substrates was
also considered by several groups, towards the end of the 1970s, for
the fabrication of photodiodes for optical transmissions. GaSb is a
direct semiconductor whose bandgap is close to that of GalnAs
(Ag = 1,720 nm). By combining it with GaAlAsSb, it was possible to
demonstrate photodiodes with competitive quantum efficiencies,
although with a higher dark current (by a factor of ~10) than
GalnAs/InP photodiodes. On the other hand, a weaker additional
avalanche noise was achieved (see Chapter 3). Nevertheless, the
industrial ~ significance  of  GalnAsP/InP, also used for
electroluminescent emitters, seems to have prevented investment in
research which might have taken this technology to new levels.

The HgCdTe (MCT, Mercury Cadmium Telluride) integrated into
CdTe substrates is the dominant material for detection and imaging in
the mid-infrared. Attempts were made to re-use the technological
achievements in the infrared for the construction of detectors for
telecommunications. Although the performances obtained were
comparable to those of GalnAs/InP, as in the case of GalnAsSb/GaSb,
the potential gains were insufficient to justify its industrial
development.

2.6. New photodiode structures
2.6.1. Beyond the limits of conventional PIN

The development in the last decades of new epitaxial techniques
for the integration of very thin layers (only a few atoms thick) of
semiconductor compounds has enabled the design of optoelectronic
devices, including photodetectors with far more complex structures
than the simple PIN photodiodes with three useful layers. In this way
it has become possible to exceed the limit of the product 7; £, which
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we examined in section 2.4.1.1 (for the PIN photodiode geometries
discussed), whose order of magnitude is 30 GHz for indirect bandgap
materials. Several avenues were explored with this aim, all based on
making the radiation pass through the narrow i absorption region
multiple times (as shown in Figure 2.20) in order to increase the
internal quantum efficiency while maintaining a short electronic
transit time.

2.6.2. Photodiodes with collinear geometry

A first approach to increase the absorption of radiation by a layer
of thickness ad << is to cause the light to pass through the absorbing
layer again, after reflection from a mirror at the back (see Figure 2.20),
which results in a doubling of the absorbing thickness. Such a mirror
can be fabricated either by metalizing the rear face of the structure or,
as shown in the figure, by a Bragg semiconductor mirror. These
mirrors made from a stack of layers with an alternating sequence of
bandgaps (and hence refractive indices) of thickness A/2n allow
reflection coefficients approaching 100% to be achieved. They were
first used in the fabrication of vertical cavity surface emitting lasers
(VCSELSs) and more generally in microcavity devices.

One technique for increasing the number of crossings of the
absorbing region is to insert the i layer between two mirrors, possibly
Bragg mirrors, to form a Fabry Perot cavity (or interferometer), as
shown in Figure 2.20.
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Figure 2.20. Photodiodes of collinear geometry with an
improvement in the 1;f; tradeoff’
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The analysis of the behavior of such a structure [KIS 91] shows
that when the effective distance between the mirrors is an integer
number of half-wavelengths of light in the material, and the i layer is
placed at an antinode of the electromagnetic field, the absorption can
be considerably enhanced, as can the internal quantum efficiency.
This enhancement is obtained for a series of resonant wavelengths
satisfying the above condition, which gives rise to the name RCE
(Resonant Cavity Enhanced) photodiodes. However, this resonant
behavior has a marked effect on the characteristics of the device:

— the spectral response consists of a series of peaks which become
even narrower as the fineness of the cavity is increased, which is in
contrast to the normally broad response of conventional photodiodes
(see Figures 2.17 and 2.18). RCE photodiodes can be thought of as the
monolithic integration of a photodiode and an optical filter whose
selectivity can be exploited beneficially, in particular if it can be made
tunable;

— for a given wavelength, the resonance condition is satisfied only
for certain angles of incidence, such that the directivity is much higher
than that of conventional devices.

Analysis of the response speed [UNL 95] shows that a product 7, f;
approaching 100 GHz should be obtainable by RCE photodiodes. In
addition, other advantages of the use of very thin detector layers are
anticipated including:

— the reduction of the contribution of pair generation to the dark
current (equation [2.20]);

—the possibility of using partially incommensurate i materials
without loss of crystal quality if its thickness is below a critical value.

The experimental results obtained up to now for most of the
families of III-V materials have indeed confirmed the potential of
RCE photodiodes in terms of quantum efficiency and selectivity, but it
turns out to be difficult to show improvement in the 7, f; product.
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2.6.3. Waveguide photodiodes

Another approach consists of using an orthogonal geometry, giving
the device the shape of an optical waveguide, which is analogous to
that of a diode laser. This is the case in Figure 2.21, where we see an
absorbing i layer inserted between several other layers which have a
wider bandgap, are transparent and also have a lower refractive index.

Width of BG Level of doping
.

P

Z

N

z z

Figure 2.21. Structure, width of the bandgap and doping of the layers, of a waveguide
photodiode with orthogonal geometry and with an improved n; f; tradeoff

In Figure 2.21, a geometric optics representation, the light rays
propagate in the structure through a series of total internal reflections,
and cross the i layer several times. In reality, since the dimensions of the
waveguide are of the order of the wavelength of light in the material, a
more rigorous analysis of the electromagnetic field shows that only
certain configurations (or modes) are supported. The radiation is
progressively absorbed with an effective coefficient of absorption
depending on the overlap between the guided mode and the absorbing
layer; this can be adjusted by the design of the waveguide, but is
difficult to reduce below 100 cm™!, leading to an internal quantum
efficiency of 95% for a waveguide of length 300 um.

Numerous variations on this principle have been investigated, such
as the active part of the photodiode being localized on only part of the
waveguide. Figure 2.21 shows a structure with 5 active layers, allowing
independent adjustment of the transit time (by varying the thickness of
the i depleted region) and the waveguide thickness (which determines
the degree of coupling with the incident light and consequently the
external quantum efficiency [KAT 92]):
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—1InP N layer (Ag = 920 nm);

— GalnAsP N layer (Ag = 1,300 nm);
— GalnAs i layer (Ag = 1,650 nm);

— GalnAsP P layer (Ag = 1,300 nm);
—InP P layer (Ag = 920 nm).

In this way it has been possible to demonstrate a significant gain in
the merit factor 7, f; = 30 for GalnAs. However, it should be noted that
the gain in internal quantum efficiency obtained, can in practice be
partially undone by the difficulty of coupling the radiation into the
mode(s) supported by the waveguide. Although it is in theory possible
to couple the mode from a single-mode fiber into a photodiode of
single mode with an efficiency of 100%, this can require coupling
optics of prohibitive cost.

2.6.4. Traveling-wave photodiodes

Waveguide photodiodes have the same limitation as conventional
structures, in terms of the power/frequency tradeoff discussed in
section 2.4.3. This limitation stems from the lumped-element circuit
analysis, which is a good approximation as long as the length of the
guide remains smaller than the wavelength of the electrical signal
(/=100 GHz, A=3 mm). Beyond this, it is necessary to use a
distributed element model and to think of a photodiode as a
waveguide coupled to a transmission line (see Figure 2.22),
terminated at both ends in its characteristic impedance in order to
maximize the bandwidth.

Such devices have been proposed and analyzed under the term
“traveling-wave photodiodes” [GIB 92]. It follows that, aside from the
transit time, the circuit bandwidth is limited by the mismatch between
the propagation speeds of the two guided waves, optical and
microwave — a limit which is not fundamental in nature, but which is
difficult to overcome in practice. The analysis of [GIB 92] predicts
values for the product 7,f; of greater than 100 GHz; however,
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fabrication difficulties appear, until now, to have seriously limited the
practical performances relative to the potential performance: the
challenge still remains to conceive and then construct structures
allowing simultaneous improvement in 7;f; and Pf2 (the figure of
merit).

Figure 2.22. Traveling-wave photodiode

2.6.5. Beyond PIN structures

Whatever their geometry, the photodiodes considered up to this
point have had, by definition, three active regions, with the i region
fulfilling both the role of radiation absorption and also the role of the
depleted region. It is possible to imagine photodiodes where these
functions are separated so that they can be optimized separately,
possibly with the additional use of waveguide photodiode or resonant
cavity concepts.

2.6.5.1. P*p*N-N+ structures

The absorbing region, here p+, can be doped without reducing the
internal quantum efficiency and the speed, on the condition that it is
thin enough to ensure both efficient and rapid transport of
photocarriers by diffusion (see sections 2.3.2.2 and 2.4.1.2). An initial
example is that of electroluminescent diodes whose optimization leads
to a P*p*N-N* double heterojunction structure, where the emitting
layer is designated p+. Under reverse-bias the depleted region grows
into the N- region and the photodetection, quantum efficiency and
speed characteristics are sufficient for some applications
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(776 =0.6, fp- =300 MHz) [POU 80]. Very fast response speeds have
more recently been discovered to be at the expense of low quantum
efficiency (ne =0.06, f,,,, =300 GHz) in a conventional geometry,
making more use of the high mobility regime of electron transport
[ITO 00].

2.6.5.2. PtIIIN* structures

The placement of the absorbing i region in a thicker I depleted
region, in order to equalize the transit time of electrons generated in
the i layer towards the N+ layer and of holes towards the P+ layer,
allows us in principle to gain a factor of 2 on the cutoff frequency f;
[UNL 95].
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Chapter 3

Avalanche Photodiodes

3.1. Introduction

Photodetectors are one of two contrasting families of devices that
dominate the field of optoelectronics. Among these, avalanche
photodiodes (APDs) are very attractive devices because they benefit
from an internal gain due to the multiplication of the charge carriers
generated by absorption of incident light. This occurs when these
charge carriers cross a region of high electric field (>10° V/cm), thus
acquiring enough energy to ionize the atoms of the crystal lattice,
thereby creating new electron-hole pairs which are immediately
separated, and can themselves create other electron-hole pairs: this
leads step-by-step to an amplification of the primary photocurrent.
This mechanism, known by the term shock ionization or impact
ionization, 1s also at the root of the reversible breakdown of reverse-
biased p-n junctions.

In this chapter we will discuss the following subjects:

— theoretical consideration of the avalanche effect (ionization
coefficients, multiplication factor, etc.);

— technical conditions necessary for proper operation of APDs;
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— APD structure;
— photoelectric properties of APDs;

—state of the art for APDs adapted to different ranges of
wavelength, based on Si, Ge, InGaAs, etc.;

—new low-noise APD structures based on superlattices or
heterogenous structures (Si/InGaAs).

3.2. History

The discovery of solid-state, gas and semiconductor lasers between
1958 and 1962, and the creation at the same time of the first
electroluminescent diodes, led to the birth of optoelectronics and to
the subsequent boom that it has seen, particularly in the field of
optical communications. however to take advantage of the
considerable potential of these new light sources, mostly
semiconductor lasers and light emitting diodes (with direct modulation
at high modulation frequencies, and short response times), there is a
need for fast and sensitive detectors operating at the emitted
wavelengths. Among the possible candidates, reverse-biased p-n
junction photodiodes offer numerous advantages: low bias voltages,
small footprint, robustness, ease of use and reliability. These make
them very attractive to users compared to photomultipliers which,
although benefiting from a high sensitivity thanks to a noise-free
internal gain process, suffer from two serious drawbacks for many
applications: their size and high operating voltage.

However, the electrical signal generated by the absorption of
incident light by a photodiode is, in most cases, too weak to be
directly usable and must be amplified. In boosting the signal to a
sufficient level, the amplifier stage limits the performance of the
receiver in two ways: by reducing the bandwidth of the system and by
lowering the global sensitivity due to the additional noise that it
introduces.
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In order to eliminate these problems and to address the need for
amplification of the electric signal generated by the light incident on
the photodiode, in 1964 Johnson [JOH 64] highlighted the advantages
of primary photocurrent multiplication through the “avalanche effect”;
which was reported by McKay and McAfee [KAY 53] in 1953 during
their study of reversible breakdown in Si p-n junctions. This internal
gain mechanism gives enough improvement to the signal-to-noise
ratio to make the use of avalanche photodiodes (APDs) very
attractive for many applications, in particular for optical
telecommunications, despite the additional noise due to the random
nature of the photomultiplication mechanism.

Studies carried out in the 1960s focused on the development of
silicon avalanche photodiodes (Si APDs) for 1.06 um telemetry and
for optical communications around 0.85 pm, and also the development
of germanium avalanche photodiodes (Ge APDs) whose photosensitivity
extends to 1.65 um. The 1970s saw the optimization of Si APDs for
fiber-optic telecommunications at 0.85 pum through the use of “low-
noise” designs, as well as the exploratory study of gallium arsenide
(GaAs) APDs and those based on GaAs compounds. Since the future
of fiber-optic telecommunications is very much based in the near-
infrared due to the weak attenuation of optical fibers around 1.3 pm
(~2 dB/km) and at 1.55 um (~0.2 dB/km), several laboratories worked
on improving Ge APDs. As the performance of these was limited,
even at 1.3 um, the first investigations were carried out to evaluate the
possibilities offered by detectors based on III-V compounds, starting
with indium phosphate (InP). The development of working
InGaAs/InP APDs required important progress throughout the 1980s,
both in the epitaxial growth of heterostructures and in their design and
technology, which lead to the creation of devices tailored to the needs
of fiber-optic submarine links and in particular to those links that can
operate at bitrates of over 10 Gbit/s. From then on, investigations
focused on low-noise devices for high bitrates, such as superlattice
InGaAlAs/InAlAs APDs or heterogenous Si/InGaAs APDs.
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3.3. The avalanche effect

The study of reversible p-n junction breakdown by McKay and
McAfee in silicon, and by Miller [MIL 55] in germanium, showed that
the growth of the dark current, observed when the bias voltage is
increased towards the breakdown voltage Vg, which is a characteristic
of a given device, is caused by a mechanism commonly known as the
“avalanche effect”, similar to that observed in gas discharges.

The avalanche effect is shown schematically in Figure 3.1. A
primary charge carrier, electron or hole, which enters the space
charge region (SCR) where there is a fairly strong electric field £
(>10° V/em), is strongly accelerated and can acquire a mean kinetic
energy greater than the characteristic ionization energy E; of the
semiconductor, before colliding with an atom of the crystal lattice,
creating an electron-hole pair through ionization and promoting an
electron from the valence band to the conduction band. The secondary
charge carriers (electron and hole) that are generated, as well as the
primary charge carrier, can then independently create new electron-
hole pairs, as long as the kinetic energy accumulated by each of the
charge carriers between successive collisions is greater than the
ionization energy E;. This process is cumulative and can under certain
conditions lead to the breakdown of the junction.
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Figure 3.1. Diagram showing the principles of the shock ionization mechanism
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3.3.1. Ionization coefficients

The ionization energy E; is, in the simplest case, that of a model
with two parabolic energy levels, greater than or equal to 3/2.E,,
where E, is the energy corresponding to the width of the bandgap. The
ionization energy E; depends on the type of charge carriers for a given
material. If it can be reduced by some means, this can lead to the
preferential ionization of one type of charge carrier, as we will see
later.

The ionization coefficients of electrons ¢; and of holes £ are
defined as the average number of ionizing collisions produced per unit
length (cm) by a charge carrier moving parallel to the constant electric
field E, and they quantify the ionizing power of the charge carriers.
Depending primarily on the electric field, they grow very rapidly with
the field. Their variations, determined experimentally, follow
empirical relationships of the form:

a;, B = a,exp [3.1]

where q; and b; are parameters that depend on the material and on the
type of charge carrier. Figures 3.2a and 3.2b show typical ¢;,
B.=f(1/E) curves, for silicon and germanium on the left and for InP
on the right, which are the base materials for APDs developed for
optical communications. Silicon is unusual in two ways: the electrons
are the most easily ionized carriers and the ratio of the ionization
coefficients k= f;/a; is very high for relatively weak electric fields
(E ~ 3 x 10° Vem™!). The nature of the carriers triggering the
multiplication and the ratio £ play an important role in the design of
devices, and directly influence the photoelectric performance of APDs.

It is worth noting that the variation seen in the experimental curves
published in the literature is a good illustration of the difficulties
inherent in determining the coefficients ¢; and £ from measurements
of photomultiplication or noise.
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Figure 3.2. [onization coefficients in silicon, germanium and
InP as a function of the inverse of the electric field 1/E

3.3.2. Multiplication factors

The impact ionization mechanism leads to a multiplication in the
number of charge carriers injected into the SCR, with this taking place
in the avalanche region where there is a high electric field E. For each
type of charge carrier, the multiplication factor M, or M, is defined as
the ratio of the number of charge carriers extracted to the number of
charge carriers injected. The following approximations are normally
used in the calculation:

— the ionization coefficients ¢; and £ only depend on the electric
field £, which itself is only a function of the x coordinate for a given
junction;

— recombination of carriers is negligible in the depleted region;

— mobile charge carriers do not disturb the electric field distribution;
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— the levels of thermal and optical carrier generation in the depleted
region are not included.

Calculation of the multiplication factors M, and M, is carried out
by solving the continuity equations for the electron current J,, and the
hole current J, under a strong electric field. The system of equations
describing steady-state behavior is as follows:

dJ;x(JC) - ng(x) =a,(x)-J, (x)+8.(x) 7, (x) 3.2]
=, ()4, ()= [3.3]

which can be rewritten as:

) o 0)- 4,6)0, 6)- A6 54

Solving this differential equation for the case of multiplication
triggered by a pure injection of electrons from the P+ region, by
integrating J,(x) over the avalanche region (between x=0 and x=w),
leads to the expression:

1- ML}? = j‘al. (x)exp —] (Otl. (x)—ﬂl. (x))dx' dx [3.5]

with M, J,,0, where J, is the current of injected electrons at x =0.

In the case of an injection of holes from the N* region, the
multiplication factor M), is given by a similar expression:

lfML:fﬁl. (x)exp ff (Otl. (x)f,é’i (x))dx' dx [3.6]
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with M, J,,,, J,,,, being the current of injected holes at x =w.
In reality, carriers of both types are normally injected into the
avalanche region, leading to a multiplication factor somewhere
between the two which takes into account the “weighting” of each
contribution. It also follows that the experimental determination of the
ionization coefficients ¢; and f; from measurements of multiplication
factors is very sensitive, since in addition to a precise knowledge of
the electric field distribution E(x), it requires the separation of the
effects of both types of charge carrier. In the case where the ionization
coefficients are equal (¢; = f3), the two expressions take the form:

1_$:f%@yx 3.7]

In the case of a PIN junction with a constant electric field in the
depleted region, for a given bias voltage V, the above equation
becomes:

- —=a w [3.8]

where ¢; (E) is a function of the bias voltage V" as w is constant, hence:

E=

14 [3.9]

3.3.3. Breakdown voltage

As the bias voltage increases, the electric field increases and
approaches the critical value for which the dark current grows
extremely fast: this is the volume breakdown of the junction, which
occurs for a bias voltage Vz — the breakdown voltage. These
conditions occur when the multiplications factors M,,, M, — > which
occurs for:
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w X

- f a, (x)exp| - f (@ (x)- B(x))a | ax [3.10]
0 0
and:
1= f B, (x)exp j (@, (x)— B(x))dx'|dx [3.11]
0 .
respectively.

In addition, Sze and Gibbons [SZE 66], studying the behavior of
P+N and N*P junctions in the avalanche regime, established a simple
semi-empirical relationship between the breakdown voltage Vp and
the concentration N in the weakly-doped region of an abrupt junction,
or the concentration gradient a in a gradual junction. These relations
can be applied to different materials. The experimental results are
well-matched by the following expressions:

3 3
E N | 4
V,=60—%| | — 3.12
5 1.1 1016] [-12]
for an abrupt junction and:
6 2
E_ s a |s
V,=60—<| - 3.13
4 [1-1 [3.1020] B-13]

for a gradual junction, where E, is the width of the bandgap of the
material in question, expressed in eV.

Finally, we point out the empirical relationship established by

Miller [MIL 55] between the multiplication factor M and the
breakdown voltage Vp:

i [3.14]
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where n is an exponent which depends on the material, the type of
junction and the nature of the charge carriers triggering the
multiplication. This expression satisfactorily describes the variation of
the multiplication factor M with the bias voltage V, and it is often
applied to classical P*N and N+P junctions.

3.4. Properties of avalanche photodiodes

The behavior of avalanche photodiodes differs from that of
standard PIN photodiodes only in terms of the properties that are
involved in the avalanche multiplication mechanism: the gain, the
noise linked to the photocurrent, and the frequency response, these
being at operating voltages in the pre-avalanche regime of the junction,
in contrast to the low voltages at which PIN photodiodes are normally
used.

3.4.1. Current-voltage characteristics and photomultiplication

For a PIN junction, the photocurrent ,, generated by the light

incident on the active region barely varies with the operating voltage.
In contrast, for APDs, above a certain bias voltage the photocurrent /,,,
grows steadily, reaching its maximum value when the bias voltage is
equal to the breakdown voltage V' of the junction. The gain M is
given by the equation:

2 Lo V) 10)-1,(v) (3.15]

w0) 104)-1, ()

where I, I and I, are respectively the photocurrent, the total current
flowing across the junction, and the dark current; V' and V|, are the

operating voltage and the reference voltage for which M=1. In the
following, we will refer to 7,49 and /o as the primary photocurrent and

the primary dark current (i.e. the non-multiplied currents). These are
denoted as 7,,(Vo) and 14(Vy) in equation [3.15]. This equation allows

us to plot the M(V) characteristics of an APD measured under well-
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defined experimental conditions. These may have a decreasing or
increasingly strong influence on the measured values. In particular,
although an APD may behave fairly linearly for relatively low values
of gain (M <10), for which M depends little on the incident light
power, this contrasts with significant saturation effects that are seen at
high gains. The maximum gain obtained (My,.,) is very sensitive to
the conditions of the measurement. A reduction in M,, can be
partially explained by a reduction in the avalanche electric field
caused by an opposing electric field created by the mobile charge
carriers, which are present in significant numbers in the depleted
region. Also, close to breakdown, the applied bias voltage is reduced
because of the voltage drop across the equivalent resistance R of the
diode.

Taking these considerations into account, equation [3.14], which
applies for weak values of the current /, can for high currents be
written:

l-—= 3.16
= - [3.16]
for V'="Vg, M= M, and this can be simplified to:
V
M~ | [3.17]
n (1 O )R

This expression shows the value of devices with a weak dark
current (g9 << I,j0) in order to promote photomultiplication. In these

conditions, the maximum gain is inversely proportional to the square
root of the primary photocurrent 7,49, and hence the power of the

incident light Py:

or M oc—— [3.18]

1
max Ipho max \/;O
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Taking into account equation [3.12], which expresses the breakdown
voltage Vp as a function of the concentration N, we find:

3
M_ xN¥ [3.19]

max

Weak concentrations N in the depleted region, corresponding to
relatively high breakdown voltages Vg, would be of benefit in
obtaining high gains M. However, for convenience of use, the diode
breakdown voltage is limited, where possible, to the range 50-150 V.

Finally, for devices with a strong dark current (/;9 >> I,40), the
limitation on the gain is imposed by the dark current and in these
conditions, which can occur with Ge APDs, we have:

V
M_ o~ — B [3.20]
n~1d0 -R

3.4.2. Noise in avalanche photodiodes

Noise in detectors is discussed in Chapter 7 and we will limit
ourselves here to revisiting the main results for noise associated with
the operation of APDs in the avalanche regime. In the absence of
multiplication, the APD behaves like a traditional photodiode whose
noise is essentially shot noise caused by the dark current /;o and the
primary photocurrent /,,9 across the junction, and whose spectral
density is:

() =2-q-(Lig+ 110 [3.21]

When the APD operates in the avalanche system, the currents
across the junction undergo a multiplication M, and hence the spectral
density of the noise is multiplied by M2. The random nature of the
impact ionization process results in a fluctuation in the gains
associated with the different carriers, contributing to the appearance of
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extra noise linked to the multiplication. The spectral density of the
shot noise of the multiplied current can be written:

() =2-q-(1sg + 10 ) M- F (M) [3.22]

where F(M), the excess noise factor, represents the contribution of
multiplication to the noise. The value of F(M) depends on the
characteristics of the p-n junction and on the nature of the primary
carriers. F(M) expressions for the two types of primary injection,
electrons and holes, have been derived by MclIntyre [INT 66] under
the assumption of an avalanche region with a constant electric field.
These are expressed as a function of M and the ratio of the ionization
coefficients k = fi/ai, which is considered constant. Instances of a
pure injection of electrons or of holes are of particular interest. The
excess noise factor for a primary injection of electrons can be
expressed by the following:

2
F,(M)=M, 1—(l—k)[M” _1} [3.23]
and for a primary injection of holes:
(M, -1
F (M)=M,|1- =l [3.24]

Where M, , >> 1, these equations can be expressed in the
following simplified forms:

F,(M)=kM, +2(1—k) [3.25]
F, (M):%Mp + 2[1 —%] [3.26]

and for very high values of multiplication:
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F, (M)~ kM, and F, (M)— % M, [3.27]

In the specific case of ionization by only one type of carrier,
electrons or holes, the excess noise factor takes a minimum value of
F(M)=2, independent of M. Attempts can be made to approach this
value through modification of the ionization energy or by careful
design of the device. The typical variation of the noise factor as a
function of M for different values of k is shown in Figure 3.3.
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Figure 3.3. Excess noise factor as a function of
different values of k for a pure injection of holes

In order to obtain low excess noise values, two conditions must be
met: the multiplication must be triggered by the more ionizing carrier,
and a material must be used whose ionization coefficients are very
different. Among the normal semiconductors (Si, Ge, GaAs, InP, etc.),
only silicon satisfies these two requirements. Furthermore,
consideration of the excess noise factor allows us to approach high
values of the ratio & = 3, / «; , with this parameter playing an important
role in the optimization of APDs. Finally, in the literature, the excess
noise factor /(M) is often written in the form:

F(M)=M" [3.28]
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which comes directly from the spectral density of the noise, expressed
as:

<i2> =2.g-1 - M* [3.29]

The exponent x, which depends on the value of the £ ratio, allows
us to compare the different devices. This can often be found in device
specifications alongside the value of F(M) for a given M. For k=1, the
excess noise factor is F(M) = M for the two types of injection, and the
exponent x therefore takes the value x = 1. For low values of £, the
multiplication is triggered by electrons, whereas for high values of £,
the injection of holes is favored.

3.4.3. Signal-to-noise ratio in avalanche photodiodes

In wideband applications, the limiting noise of traditional
photodiodes comes from the thermal noise associated with the load
resistance R; or, more commonly, from the noise of the first stage of
the amplification circuit required to make use of the electrical signal
produced by the photodiode. For some application types, the internal
gain of APDs allows us to improve the signal-to-noise ratio (SNR) of
the detector. This detector, consisting of the APD and amplifier,
includes two sources of noise outside the diode, independent of the
multiplication (the load resistance and the amplifying stage), given by
the equation:

<i2_>:M~Af [3.30]

ext R
L

where 7, is the equivalent temperature of the noise, and also includes
sources of shot noise connected with the multiplication process:

<5>: 20 (Lyg + Ly ) M* - F (M) Af [3.31]

where Af is the bandwidth of the system.

The mean squared value of the photocurrent is given by:
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phn pho

[3.32]

where m is the modulation index of the incident light signal. The SNR
for a system with bandwidth Af therefore follows the relationship:

1 @2 N C MZ)
) 2 il [3.33]
B 4k, T
20 (Log + Ly ) M? - F (M)+—Ec |-
M?-R,
which can be rearranged into the following form:
17> )
il T
s 2 (n pio [3.34]
B 4k, T,
20 Ly + Lo ) F (M )+ Af

2
'RL

demonstrating the advantage of APDs over PIN photodiodes, since for
low values of F(M) the thermal noise contribution is divided by M2.
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Figure 3.4. Variation of the SNR as a function of the gain M
for two semiconductors, silicon and germanium

As the gain increases, the SNR grows and reaches a maximum for
an optimal gain value M,,, which depends closely on the point at
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which the multiplied shot noise and the thermal noise are equal, such
that, in the case where 1,0 << 1,,,0:

1
2+x

2k,T,

qlphORL

~

opt =

[3.35]

For higher multiplication values, the SNR drops, with the
contribution of shot noise becoming the dominant factor. The
variation of the SNR with the gain is shown in Figure 3.4. The optimal
gain value M,,, depends on the incident radiation power P, through

the equation:
[3.36]

As a result, M,,; will increase as Py decreases. Thus, APDs allow
us to improve the sensitivity of photodetectors as long as the shot
noise remains lower than the thermal noise entering the amplifier
stage.

3.4.4. Speed, response time and frequency response of avalanche
Dphotodiodes

The ability of avalanche photodiodes to detect and amplify optical
impulses with short rise and fall times, or light signals modulated at
high frequency, is a topic of research for numerous applications. The
response time of an APD operating in the avalanche regime is limited
by:

— the transit time ¢, of carriers in the SCR;

— the diffusion time #p;; the time taken by the electron-hole pairs
created outside the depleted region to reach the p-n junction;

— the RC time constant of the APD/load system,;

— the avalanche build-up time ¢,,, the time needed to reach a stable
multiplication value for a given bias voltage.
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The transit time ¢,,., the diffusion time tp;r and the RC time constant
all depend on the width w of the bandgap. The transit time #,. can be
expressed by the equation:

;= [3.37]

sat

where v, is the saturation velocity for the slowest charge carriers.

In order to increase the speed of APDs for high-frequency
applications or broadband applications, we will seek to reduce the
thickness w. This reduction will in turn produce an increase in the
capacitance C; of the junction and a reduction in the response
coefficient, because the light will be absorbed in a thinner width of
material. This results in a compromise between the quantum
efficiency and the speed which must be treated on a case by case basis,
in a similar way to the tradeoff in PIN photodiodes (see section 2.4).

The diffusion time #p;s of electron-hole pairs towards the junction
is dominated by the lifetime of the minority charge carriers in the
lightly-doped region of the junction. Its value (between a few ps and a
few hundred ps depending on the material) makes some devices un-
usable for many applications. This limitation appears for certain Si
and Ge APDs. In practice, as far as possible, the thickness w of the
depleted region is adjusted so that all the light is absorbed there. This
result is approximately achieved for:

—— [3.38]
@,

where ¢ is the absorption coefficient for light of a given wavelength
A in a semiconductor.

The RC time constant is only significant at high frequencies. In this
case R~50 Q, the value of the load resistance. The capacitance of the
junction Cj is related to the area A of the junction and the width w of
the depleted region by:

C. =

e A
7 w

[3.39]
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where € is the permittivity of the semiconductor. As a result, we need
to minimize the area of the active region and that of the guard ring,
and select a value of w compatible with an acceptable transit time #,.
This optimization is equivalent to that for PIN photodiodes (see
section 2.4).

As the multiplication process is not instantaneous, the response
time of APDs can be greater than that of PIN photodiodes of
comparable structure, and is very sensitive to the ionization conditions.
Hence, in the case of ionization by only one type of carrier, which is
similar to that of silicon, the impulse response time is controlled by
the transit time across the depleted region of the non-ionizing
secondary carriers created by the primary carriers. Under these
conditions, the bandwidth of the APD, independent of the
multiplication M, is not very different from that of a PIN photodiode.
When the two types of carriers contribute to the multiplication, the
steady-state value of M will be reached after a time which will be
longer if M is higher and if the ionization coefficients of the carriers ¢;
and g are close to each other. This is because the high number of
carrier-lattice interactions means the carriers “bounce” back and forth,
prolonging the time that secondary carriers are present in the
avalanche region. The avalanche build-up time ¢, is therefore
expressed by the equation:

— Mz [3.40]

where 7is the effective transit time of a carrier in the avalanche region
between two ionizing collisions. This depends very strongly on the
value of k=£; /o; and can become very small if ¢; and f; are very
different. Emmons [EMM 67] analyzed the frequency response of PIN
photodiodes operating in the avalanche system and established the
following expression:

T:Nb[g

i

‘T [3.41]

where N, is a number which varies slowly between 1/3 and 2 as the
ratio k =0/ ¢; varies from 1073 to 1, and 7y is the actual transit time in
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the avalanche region. A low value of k£ minimizes the effective transit
time 7 and is also favorable for the response time and for the excess
noise factor. Emmons [EMM 67] showed that, for M > ¢;/f;, the gain-
bandwidth product is constant. The gain M varies with frequency
according to the following law:

M(w)= 0 [3.42]

1
{H—Mg-a)zmzz

where M(w) and M, are the values of the gain as a function of the
frequency = @/(2m) and for a constant signal. The gain-bandwidth
product is given by:

M(@)af =(N, k7)) [3.43]

and depends on the material through k£ and the characteristics of the
avalanche region through 7; = /,/vy,, where [, is the length of the
avalanche region. It follows that the product will be much larger if the
ratio k of the coefficients of ionization is weak and if the avalanche
region is narrow. A high value of the gain-bandwidth product is
desirable as it allows a higher value of gain for a given frequency.

3.5. Technological considerations

APDs work best when they are biased with a voltage close to the
volume breakdown voltage in the active region. As a result there is a
very intense electric field (~4-5 x 105 V/cm) present in the avalanche
region, which must be as homogenous as possible throughout the
active region. Any inhomogenity present in the SCR that can cause a
local increase in the electric field will lead to a premature breakdown
which will degrade the APD performance. These inhomogenities can
be caused by the structure itself, as in a traditional planar junction
obtained by localized diffusion in a circular geometry, or linked to
imperfections in the crystal structure. Regardless of their origin, they
always need to be eliminated.
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In the first case, the use of junctions with a guard ring or the use of
a mesa structure allows the suppression of peripheral breakdown, as
long as a geometry is used which is free from angular parts liable to
cause point effects. The suppression of crystal defects depends closely
on the progress of technology, particularly in the fields of
crystallogenesis and techniques of epitaxial growth and doping.

— =1 Si0,

Figure 3.5. Cross-section of a planar photodiode

3.5.1. Guard ring junctions

For a junction constructed using planar technology (Figure 3.5),
the electrical field inside the depleted region is higher in the curved
region around the edge of the diffused area than in the active region,
as can be seen by solving Poisson’s equation [HAR 91a]. Breakdown
due to edge effects therefore occurs for a voltage sufficiently below
the breakdown voltage of the active region so that light falling on the
central region is not amplified or barely amplified. On the other hand,
if the illuminated region extends beyond the diffused area, the
increase in the injected global photocurrent due to the high electric
field present in a very narrow annular region around the edge can give
the illusion of a photomultiplication effect. Regardless, such a
photodiode cannot operate as an APD. In order to suppress peripheral
breakdown, two kinds of structures are commonly used, which have
annular guard rings modifying the electric field distribution around the
outer perimeter.

In the first structure (see Figure 3.6a), the guard ring is formed by
an annular diffused junction which is relatively weakly doped, and
quite deep in order to increase the radius of curvature and thus reduce
the peripheral field; the active region is obtained by a shallower
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diffusion at a higher concentration, partially overlapping the guard
ring. The breakdown voltage of the gradual junction of the guard ring
is much larger than that of the active region, because for a given bias
voltage, the extent of the SCR is larger in the former than in the latter.

Avalanche region

Si0, —

_\‘

T

N

a) b)

Figure 3.6. Cross-section of (a) an APD with a traditional
guard ring and (b) a PPN+ APD

In the second structure (see Figure 3.6b), the guard ring and active
region junctions are created by diffusion or ion implantation within a
weakly-doped substrate 7. The n*—z guard ring junction which
surrounds the n*p junction of the active region is much deeper than
the latter, but the weak concentration in the m substrate precludes
breakdown. This is the PZPN™ structure. When the n*—s junction is
not very deep, or even superficial, the addition of a guard ring of the
first type is necessary to avoid peripheral breakdown. This is referred
to as a P*ZP7ZN™ structure.

3.5.2. “Mesa” structures

In mesa structures, the footprint of the active region of the APD is
defined by chemical etching or by dry etching followed by surface
reconstruction using a suitable chemical bath. This structure, shown in
Figure 3.7, offers the sometimes deceptive advantage of simplicity. It
allows us to reduce the capacitance of the device, while eliminating
the guard ring junction. However, the extension of the avalanche
region at high electric fields outside the edges of the etched region can
lead to migration of susceptible ion species, causing a growth in the
dark current which is often accompanied by instability of the diode. In
order to avoid these drawbacks, different passivation techniques have
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been used with moderate success, which makes such a structure
difficult to commercialize on account of its lack of reliability.

Avalanche region

N

N+

Figure 3.7. Cross-section of a mesa APD

3.5.3. Crystal defects and microplasmas

Crystal defects such as dislocation, stacking faults, metallic
precipitation, etc., present in a PN junction introduce localized or
microplasma breakdowns: isolated regions of a few um? where high
current densities cross, and which appear at well-defined bias voltages
which may or may not be close to the volume breakdown voltage.
Unless these microplasmas appear at a voltage very close to the
breakdown voltage, their presence decreases APD performance by
limiting the photomultiplication factor to that of the breakdown
voltage of the first microplasma. At higher voltages, the noise linked
to electrical discharges triggered by the random injection of charge
carriers in the microplasma is so significant that it precludes any
interest in the use of such diodes. In the case of Si APDs, inspection
under a microscope allows the microplasmas to be visualized,
appearing in the form of bright red spots. In the absence of
microplasmas, a diffuse, pale light uniformly illuminates the whole
active surface when the breakdown voltage is reached. Observation of
the current induced in a scanning electron microscope also allows the
detection of inhomogenities in the electric field. In addition, the
presence of microplasmas leads to vertical jumps of several pA in the
inverse characteristics /;(V), interspersed with resistive sections in the
relationship, thus enabling the electrical sorting of APDs through
systematic measurement of the [I,(V) characteristics via probes.
Microplasmas can be eliminated using substrates with a low level of
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dislocations and non-aggressive fabrication techniques tailored to the
specific materials used. The construction of high-performance,
reliable devices with a high fabrication yield depends closely on the
quality of the base material and on the standard of technology used in
each stage of the fabrication.

3.6. Silicon avalanche photodiodes

Silicon, an indirect-bandgap semiconductor, with a bandgap energy
E, = 1.1 eV at ambient temperature, is sensitive to light in the
wavelength range of 0.4—1.1 um. The absorption length, considerably
less than 1 pm at A = 0.4 pm, varies between 10 and 10 pm in the
wavelength range 0.8—0.9 um, the first transmission window for
optical fibers (attenuation ~ 2 dB/km), and is more than 200 um at
A =1.06 pm, which is the emission wavelength of the Nd lasers that
are very popular in military applications. Also, the ionization
coefficients of electrons and holes are very different, with electrons
having the higher ionization energy (¢; >> f). These characteristics
play an important role in the design of devices targeted at different
applications, with the aim of achieving a weak excess noise factor and
an acceptable compromise between sensitivity and response time.

3.6.1. Si N*P APDs

Si APDs with an abrupt-junction N*P structure are fabricated on a
P substrate with a concentration around 1016 cm=3. As the width of the
depleted region is between 2 and 3 pum, these APDs are well-suited to
the detection of light signals with wavelengths below 0.7 pm (ruby
lasers emit at 0.63 pm). Commercialized in 1966, they were initially
developed for military applications such as laser telemetry at 1.06 pm,
taking advantage of an atmospheric transmission window allowing
targeting at 2025 km with high precision (of the order of a meter).
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For the first APDs we will study, the guard ring and active region
junctions are made by a double diffusion of phosphor impurities,
masked using a layer of silica obtained by thermal oxidation; the
fabrication conditions for the different stages of the construction
procedure have been developed to ensure high performance in terms
of the dark current and photomultiplication, along with a high
fabrication yield. The homogenity and reproducibility of phosphor ion
implantation used as a predeposition technology have greatly helped
the achievement of microplasma-free APDs. Additionally, the choice
of substrates with fairly high dislocation levels (~3,000 cm=2), but
which are stable under various thermal treatments at high
temperatures (T = 1,000-1,200°C), has allowed the attainment of
fabrication yields considerably higher than 50%, whereas they were at
best around 20% with the “zero dislocation” substrates advocated in
the literature.

These APDs, with a breakdown voltage Vg~ 60 — 80 V, offer M(V)
characteristics which vary extremely rapidly as breakdown is
approached, with the exponent # in the Miller equation taking a value
close to 4. At short wavelengths absorbed in the N+ layer, the
multiplication is initiated by holes. For A > 0.7 um, the multiplication
is mostly initiated by electrons and takes higher values. At the
operating point, M ~ 50 to 100, with the gradient dM/dV very large.
To avoid issues with variations in M, the ratio V/Vz must be kept
constant. Since the breakdown voltage Vg follows variations in
temperature, some system of regulation is required. The involvement
of a Zener diode with a breakdown voltage close to that of the APD
has allowed the multiplication to be regulated within the temperature
range from —30°C to +80°C. Other regulation systems make use of the
noise linked with multiplication.

The impulse response of Si N*P APDs (see Figure 3.8) is
dominated by the diffusion time #p;; of the charge carriers generated
outside the depleted region. It consists of a brief rise to the signal
(<0.5 ns) followed by a relatively long tail, with the duration of the
impulse generally being insufficient to reach the steady-state value.
We then see a similar behavior for the fall of the signal. The diffusion
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time limits the repetition frequency, and this can be improved by
limiting the thickness of the absorbing region with the use of epitaxial
P/P+ structures or by localized thinning of the substrate.

Dons/div. M =50

Figure 3.8. Typical impulse response of a Si N+P photodiode

3.6.2. Si N'PnP" APDs

To compensate for defects in the N+P structure, in 1966 Ruegg
[RUE 66] showed the potential of an N+PzP+ structure, which
combines the advantages of an N+P structure (internal gain) with those
of a PIN structure (high quantum efficiency and speed). The result of
this is that the depleted region consists of two adjacent regions: one
relatively narrow, with an intense electric field, where the
multiplication of injected charge carriers takes place, and another
relatively extensive region, with a weak electric field, where light is
absorbed and the photocarriers collected. This separation of the roles
of multiplication and absorption gives the structure a high gain-
bandwidth product. Absorption takes place in the very weakly-doped
7 region (<104 cm3), whose thickness is adjusted as a function of the
operating wavelength (0.85 um or 1.06 um) and the desired
performance. The doping and thickness of the P layer are absolutely
critical.
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Figure 3.9. Operating principles of a Si P+rPN+ APD: a) doping profile, b) typical
electric field, c) typical M(V) characteristics. V. is the reach-through voltage

The operation of N+PzP+ APD structures is shown in Figure 3.9,
which displays the doping profile, the electric field distribution for
three significant bias voltages and a typical multiplication curve. At
weak bias voltages, the depleted region is restricted to the P layer. As
the voltage increases, the edge of the depleted region moves and
enters the 7 layer for a bias voltage V,, known as the reach-through
voltage, for which the multiplication is around 10 to 20, just before the
breakdown of the N+*P junction. Then, with the depleted region
extending across the whole 7z layer, the increase in the bias voltage
will only cause a weak increase AE in the electric field. The
multiplication will vary relatively slowly, especially if the 7z layer is
wide, and the M(V) characteristic involves a more or less pronounced
“plateau”. Under normal operating conditions, the field in the
absorption region is sufficient to ensure carrier transport at their
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saturation velocity. However, in order to benefit from a high gain, the
operating point must be beyond the “plateau”.

Consistent achievement of the desired M(V) multiplication
characteristics assumes that we can accurately control (= 10%) the
concentration profiles of the N* and P layers. Specifically, if the P
layer is too wide, the breakdown of the N+P junction occurs before the
depleted region extends in to the 7z layer, but if it is too narrow, the
extension into the 7z layer occurs too soon and the multiplication will
be weak (Figure 3.9¢).

For applications at 0.85 pm, the thickness of the m layer can be
adjusted between 15 and 50 pm, as a function of the chosen level of
tradeoff between speed and response. In order to avoid the critical
stage of localized thinning, these APDs are best fabricated on an
epitaxial 7z/P+ plate, with illumination of the N+*P junction only
slightly degrading the excess noise factor.

3.6.3. Si N*aPraP+ APDs

An N+7zP7zP+ structure with buried P layer is a refined version of
the N+PzzP+ structure. Proposed and studied by Lecrosnier [LEC 75],
it offers a significant reduction in the excess noise factor F(M) thanks
to its narrow multiplication region with a constant electric field
limited by the buried P layer: the field is weaker when this is far
below the surface. The technique of implanting high-energy B+ ions (1
to 2 MeV), chosen for constructing this P layer, is very well-suited
because by modifying the implantation energy and dose parameters it
is possible to change the breakdown voltage and excess noise behavior
of these APDs. For a given Si 7/P*+ structure, the multiplication
electric field decreases as the implantation energy is increases, since
the P layer lies further from the surface, at distances of 2.75 and
3.1 pm respectively for implantation energies of 1.5 MeV and
1.8 MeV.

The typical behavior of N*PnP+ APDs is only reached over a small
range (= 15%) on either side of the optimal implantation dose. If the



dose is too large, the behavior is like that of a N+P diode, or of a PIN
diode if it is too weak. Figure 3.10 shows a schematic doping profile,
the associated electric field distribution, and the M(V) characteristics

Avalanche Photodiodes

for different doses at a given implantation energy.

The fabrication procedure for APDs involves two diffusion phases
in order to construct stopper ring and guard ring junctions, followed
by two phases of ionic implantation and a phase of electrical
activation annealing: firstly the low-energy implantation of phosphor
ions to build the active N* 7 junction close to the surface (x;~ 0.2 um),
then the high energy implantation of Boron ions (1.5 or 1.8 MeV,

dosage 1.2 x 1012 ions/cm?) for the buried P layer.
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Figure 3.10. Operation principles for a Si N+aPrP+ APD: a) doping profile,
b) typical electric field, c) typical M(V) characteristics for
different implantation doses of Boron (in em™? )
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Control of the conditions for the two implantations ensures good
reproducibility of the procedure, which is particularly easy to do for
epitaxial 7zz/P+ wafers, and also a good fabrication yield. A model of
this structure, based on complete photoelectric characterization (/(V),
C(V), M(V), noise) for various APDs was developed by Maille [MAI
80].

APDs obtained in this way offer excellent photoelectric
performance, normally with 250 um diameter diodes:

— weak dark current (/) < 1 nA) close to breakdown;

—useful gain M, > 150, resulting in a response coefficient greater
than 75 A/W at 7= 0.85 pm and a rise time 7. ~ 0.5 ns for a 7 layer of
thickness 30 pum;

— an excess noise factor F(M) = M~ typically with F(M = 100) =
3 — 3.5, corresponding to x = 0.25. This value, close to the lower limit
of x = 0.2 is a result of the low ratio £ ~ 0.01 of the ionization
coefficients £ and ¢, due to the fact that the multiplication electric
field is such that E,,< 3 x 105 Vem!;

— a uniformity in the photoresponse of + 5%.

Diodes with an active zone diameter of 800 um and even 1,500 pm
have been achieved thanks to the excellent spatial homogenity offered
by the implantation technique. To compensate for the lack of suitable
high-energy implantation equipment, a number of solutions have been
researched. One of them consists of implanting doubly-ionized B™
Boron ions at relatively high energies (~300 keV), or alternatively
implanting Boron ions at 800 keV in a preferred direction in a 7z/P+
epitaxial plate with <110> orientation, to take advantage of a
“channeling” effect, resulting in the P layer lying 2.2 pum below the
surface, instead of 1 pum as would be the case under normal conditions.
The excess noise factors at M = 100 are F' = 4-5 with “channeling”,
instead of F = 6-7, with x = 0.30-0.35 and x = 0.40 respectively
[KAN 78]. However, although ‘“channeling” implantation gives
promising results, these are not easily reproducible.
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Another process exists where the buried P layer is fabricated in two
stages: first localized low-energy implantation of Boron ions on the
7r/P+ plate, followed by an epitaxial stage to obtain the upper 7z layer
for multiplication. The growth of this layer is delicate. APDs made in
this way have an excess noise factor F' =5 at M = 100, with x = 0.35
[YAM 76], which could be improved upon by reducing the doping
and increasing the thickness of the upper 7z layer. These results
confirm that the excess noise factor F(M) is weaker when the P layer
is buried more deeply, and hence the electric field is only marginally
increased.

3.6.4. SiPt-Si N Schottky APDs

SiPt-Si N Schottky APDs, obtained through the formation of a very
thin, transparent and non-absorbing layer (20 to 40 nm) of platinum
silicate on top of N-type silicon, with resistivity p ~ 0.5-1 Qcm, are
well-suited to the detection of ultraviolet (UV) radiation around
A= 0.5 pm, for which the absorption occurs very close to the surface
(absorption length of the order of 0.1 um). Their performance depends
closely on the quality of the SiPt-Si N interface, and hence on the
standard of the fabrication technology.

After diffusion of the guard ring, the silica protecting the active
central region is chemically removed. Then the residual native oxides
and the first few atomic layers of silicon (~10 nm) are removed by ion
bombardment during the chemical deposition phase. Then, a 10 to 20
nm platinum film is deposited by radio-frequency sputtering. The
platinum silicate is then formed by in situ annealing at 600°C, with the
thickness of the silicate obtained being twice that of the platinum. The
metal present in the passivation layer is eliminated using aqua regia.
The upper contact is formed with a ring of aluminum deposited by
evaporation. The presence of an anti-reflection coating tuned to A =
0.5 um is needed to obtain a good response coefficient, as the
reflection coefficient of silicon is around 45% in the near ultraviolet.
Under these conditions, a response coefficient above 0.25 A/W at M =1
can be obtained for A= 0.4 um.
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APDs fabricated in this way possess excellent photoelectric
characteristics [ALA 74]. A barrier height ¢gy = 0.85 V and a good
ideality factor n = 1.02 measured from the /- characteristics confirms
the good quality of the SiPt-Si N interface, despite a dark current
greater than that of traditional N*P or P*N junctions in their pre-
breakdown regime. At short wavelengths, multiplication is triggered by
electrons, and values of multiplication M ~ 300 have been measured at
A =0.435 um with an excess noise factor M* such that x ~ 0.7. The
limit on the bandwidth is imposed by the time constant RC and is
several GHz. In contrast, at A = 0.8 pum, the light is mostly absorbed
outside the depleted region and multiplication is thus triggered by
holes leading to performance degradation: a weaker M, higher excess
noise and a reduced bandwidth.

3.7. Avalanche photodiodes based on gallium arsenide

Si APDs are almost perfect photodetectors for the 0.80-0.85 pum
transmission window in fiber-optics, simultaneously possessing a
weak dark current, a high gain and low noise, all thanks to the
maturity of the technology. Its only drawback stems from the response
coefficient/speed tradeoff imposed by the weak absorption coefficient,
which is in fact not a great problem because the applications are at
low or moderate bitrates (<500 Mbit/s).

Nevertheless, investigations have been carried out into gallium
arsenide (GaAs), a direct-bandgap semiconductor with a bandgap
Eg = 1.40 eV and photosensitive up to 0.88 um, with respect to
possible use in integrated circuits and on ternary structures based on
GaAs, materials with a high absorption coefficient. GaAs APDs,
either of the Schottky type or diffused with an implanted guard ring
(H* protons or Mg" ions) offer performances below that of Si APDs
within the range 0.80-0.85 um, except in terms of speed. On the other
hand, Stilman et al. [STI 74] showed the presence of a very
pronounced Franz-Keldysh effect for APDs made of lightly-doped
material (n ~ 5 x 1014 cm3), when biased in the multiplication regime.
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Figure 3.11. Spectral response of electroabsorption GaAs Schottky APDs:
a) weak bias voltages, b) strong bias voltages

More recently, GaAs/Al,Ga; As APDs with low noise, using a
new concept (see section 3.10), have opened a new research avenue.
They offer a multi-quantum well (MQW) or “staircase” multiplication
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region with a bandgap width varying continuously between GaAs and
Al,Ga;_ As. The need to cross discontinuities favors the ionization of
one type of charge carrier. Thus, for the x = 0.45 composition of Al,
the discontinuities are respectively AE-= 0.48 eV and AE,= 0.08 eV,
giving a value of k= fj/a; ~ 0.15 and an excess noise factor F =3 at
M = 10 [KAG 89]. The presence of an adjacent 1.5 um absorbing
layer of GaAs enables high quantum efficiency devices that are fast
and low-noise.

3.8. Germanium avalanche photodiodes

Germanium, an indirect-bandgap semiconductor with a small
bandgap E, = 0.67 eV at ambient temperature and photosensitive in
the spectral range 0.4 pm to 1.65 um, became established in the
middle of the 1970s as the photodetector for the first generation of
receivers for fiber-optic links at 1.3 and 1.5 um, a region where silicon
does not work.

Starting in 1966, Melchior and Lynch [MEL 66] showed that Ge
APDs could be used as fast and sensitive detectors, and various
devices were brought to market. However, competition with Si APDs
limited their use to very specific areas of application. The problem
was that Ge APDs suffered a number of drawbacks linked to the
intrinsic properties of germanium, including:

—a high dark current, dominated by the charge carrier diffusion
current, which is proportional to n2, n; being the intrinsic concentration
for germanium;

— an insufficiently high ratio k& of the ionization coefficients of
electrons and holes: £ = 2, with the holes being the more easily
ionized, in contrast with silicon;

— the absence of stable native oxides, which makes the process of
surface passivation very difficult;

— a difficulty growing high quality epitaxial structures.
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On the other hand, due to the high absorption coefficient ¢; up to
1.50 um, depleted region widths w between 2 and 3 pm are sufficient
to absorb the light signal, thus allowing a good response coefficient
and a high speed. In addition, the dark current does not include a
tunneling current contribution, despite the weak value of £,

3.8.1. Ge APDs with N*P, N*NP and P*N structures for 1.3 um
communication

The three structures N*P, N*NP and P*N were developed in
succession for use in optical links at 1.3 um. They have a planar
construction with a guard ring to ensure good reliability. Figure 3.12
shows a cross-section view. The presence of a stopper ring decreases
the surface current.

N*P structures were the first to be used, since the diffusion of n-
type dopants (As, Sb) is easier to achieve. The conditions for the
surface preparation and the deposition of dielectric layers (SiO,,
Si3Ny), used to limit the diffusion, for passivation, and also for the
antireflection coating, are very critical. For an active region of
diameter & = 100 pum, the total dark current measured at 0.9 Vjp is
around 150 nA and the dark current 7, around 50 nA at M = 1. The
excess noise factor for M = 10 is such that F(10) = 10 — 11,
corresponding to an effective ratio between the ionization coefficients
of key= 1.3 um. This high value of F(M), due to the injection of
electrons instead of holes as primary charge carriers, increases still
further with the wavelength.
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Figure 3.12. Cross-section of Ge APDs: N*P, N"NP and PN structures

The N*NP structure was proposed to improve the noise properties
of Ge APDs, with multiplication taking place close to the NP junction
lying about 2.5 pum from the surface. The N layer is obtained by
implantation of arsenic ions followed by annealing, leading to a
gradual junction. Since the light is mostly absorbed in the N layer, the
holes play the role of primary charge carriers triggering multiplication.
In addition, the electric field E at the junction is weaker (E = 2 x 103
V/cm). This results in a sensitive increase in the excess noise factors:
F(10) =7 instead of 10 as previously. On the other hand, the total dark
current at 0.9Vy is around 1 um and the response time is limited by
the diffusion time in the N layer. The main drawback of the N*NP
layer is the lack of reproducibility caused by the fabrication conditions
for the N layer.



Avalanche Photodiodes 93

The P*N structure represents the final success of Ga APDs for 1.3
pum applications. It possesses the respective advantages of the N*P and
N*NP structures in terms of speed and excess noise factor, with the
light being absorbed in the N-type depleted region and the
multiplication being triggered by holes. The active region and guard
ring junctions, as well as the stopper ring, are made by ionic
implantation followed by annealing at relatively low temperature. This
“fully implanted” technique offers good reproducibility of the
performance. For diodes with an active region diameter of 100 pm
and 30 pm, the excess noise factor F(10) is 8 and 7 respectively, and
the cutoff frequency is at least 1 GHz at M = 10.

3.8.2. Ge APDs with P*NN- structures for 1.55 um communication

Above L=1.52 pum the N+P, N+NP and P+N photodiode structures
become “blind” if the temperature drops below -20°C, because the
absorption coefficient of germanium falls dramatically. The
absorption length at ambient temperatures is around 25 um at A = 1.55
um, a window of weak absorption for optical fibers (0.2 dB/km).
Structures developed for 1.3 pm communication are not suitable
because of their low depleted region width w = 2 to 3 um. Only a
structure analogous to N*TPmP* Si APDs, where absorption and
multiplication take place in separate regions, could attain the required
performance of the response coefficient and speed.

Electrode ~ % P guard
[l ring (Be)
Si0; — ] [
= %1% A 3N+ (As)
1
P+ (In) N (As) =
N-

Figure 3.13. Cross-section of a P*YNN~ structure Ge APD
for 1.55 um communication
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P*NN- structured Ge APDs on a weak-concentration N substrate
(= 5 x 104 cm™3) have been built to meet these requirements. The
active region of these planar-structure devices with guard rings
(Figure 3.13), of diameter @ = 80 pm or ¥ = 30 pm for coupling to
multimode or single-mode fibers, is best obtained by a double
implantation of boron or indium for the surface P* junction and of
arsenic for the N-type multiplication region, followed by activation
and diffusion annealing. The guard ring junction is made either by a
long period of zinc diffusion or by implantation of beryllium ions
followed by annealing. The best performances obtained for 80 pm
diameter APDs at A = 1.55 um are as follows:

— total dark current at 0.9 Vp: 1.3 um;

— dark current Iy at M = 1: 70 nA;

— quantum efficiency n = 80% at M = 1;

— excess noise factor F=6.1 at M = 10,

— cutoff frequency above 500 MHz at M = 10;
— breakdown voltage V3~ 70-85 V.

The limitation on the response time is imposed by the transit time
in the depleted region. The impulse response of Ge P*NN- APDs at
1.55 pm does not contain a “lag” due to the collection of charge
carriers created outside the depleted region. This is also the case for
Ge P'N photodiodes, whose cutoff frequency is only 10 MHz.
Additionally, Ge APDs often operate with an optimal gain between 5
and 10, with the response time depending little on the multiplication
factor.

Nevertheless, with the available performance gains for Ge APDs
limited by the fundamental properties of germanium, investigations
carried out by various laboratories have yielded APDs based on III-V
compounds with very promising performances as a second generation
of structures for optical communications at 1.3 and 1.55 pm.
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Figure 3.14. Cross-section of an InGaAs/InP planar APD
with front illumination, using a SAGM structure

3.9. Avalanche photodiodes based on indium phosphate (InP)

Ing 53Gag 47As/InP  heterojunction APDs rapidly came to the
forefront in the 1980s as second generation detectors for optical
communications at 1.3 and 1.55 pm. This was because the ternary
compound Ing 53Gag 47As, with a direct bandgap of E; = 0.75 eV,
offers strong absorption up to 1.65 um. Formed into a lattice using InP,
it is well-suited to epitaxial growth of high crystal quality layers.
However, the appearance of a high tunneling current for an electric
field E > 1.5 x 10° V/cm precludes all avalanche multiplication,
despite a more favorable ratio of ionization coefficients than that of
germanium (¢~ 2.0)).

On the other hand, P*N APDs based on InP, a material with a large
bandgap (Eg = 1.35 eV) and transparent above 0.95 m, offer a low
dark current along with an ionization coefficient for holes that is
higher than that of electrons, such that £~ 2¢;.
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Figure 3.15. Operation principles of an InGaAs/InP APD with a SAGM structure.
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The use of a structure analogous to the P*mPN™ structure developed
for silicon, consisting of a separate absorption region (Ing 53Gag 47AS)
and multiplication region (InP), led to the SAGM (Separated
Absorption Graded Multiplication) structure. Figure 3.14 shows a
cross-section through a planar InGaAs/InP APD with front-face
illumination which has a SAGM structure. The “graduated”
quaternary InGaAsP layers, with bandgap widths intermediate
between those of InGaAs and InP, fulfill a double function: to ensure
a “gentle” transition between InGaAs and InP, to facilitate the
transport of holes by reducing the valence band discontinuity at the
InGaAs/InP interface, and to avoid the decomposition of the ternary
layer during growth of the InP layers above it. Their presence is vital
for the growth of a vertical heterostructure by liquid phase epitaxy.
This structure, suited for illumination through front or back faces,
offers the advantage of a pure injection of holes, which are the most
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ionizing carriers in InP, thus allowing a reduction in the excess noise
factor. It is suited to illumination through the front or rear faces.
Proper operation of these APDs, whose principle is summarized in
Figure 3.15, requires strict conditions to be met in terms of doping and
thickness of the epitaxial layers, especially of the multiplication layer,
since during avalanche the electric field Eor at the quaternary/ternary
absorption interface must be below 1.5 x 10> V/cm in order to retain a
low dark current.

Construction of the guard ring, required to reach the necessary
reliability levels for detectors targeted at submarine communications,
is even more delicate than for Si and Ge APDs. Specifically, the guard
ring junction, which is slightly deeper than the active region, must
remain within the InP, and the depleted region under the guard ring
must reach the ternary layer before that of the active region’s junction.
This requires that the guard ring junction be gradual with a weak level
of doping. For a long time, the implantation of beryllium Be* ions,
followed by redistribution annealing [SHI 83], was the only method of
fabricating effective guard rings. More recently, better understanding
of epitaxial growth techniques has allowed good results to be obtained
by combining localized implantation and epitaxial regrowth [WEB 88].
A realistic predictive model for the behavior of planar InGaAs/InP
APDs was put forward by Harari [HAR 91b] after a detailed analysis
of their operating conditions.

3.9.1. InGaAs/InP APDs for optical communications at 2.5 Gbit/s

An APD heterostructure based on InGaAs/InP on a <100>
oriented InP-N* substrate consists of a stack of 6 layers: an InP-N*
buffer layer (n = 5 x 1017 cm=3, 0.5 pm), an InGaAs absorption layer
(n =5 x 1015 cm3, 2.5 um), 2 InGaAsP layers (not intentionally
doped, 0.2 um), the InP-N multiplication layer (n = 1.5 x 1016 cm3),
and the InP-N- covering layer (n = 8 x 1015 cm™3, 2 um).

The guard ring junction is obtained by implantation of beryllium
ions (Be*, 150 keV, 5 x 1013 cm2) followed by annealing at 700°C in
a sealed ampoule. The active junction is formed by diffusion of
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cadmium at 620°C in a sealed ampoule, for a duration which depends
on the required characteristics of the multiplication layer. A nitride
layer of SizN, ensures surface passivation, and another acts as an
antireflection coating.

Typical performances of such 70 um diameter APDs are:

— a response coefficient (at M = 1) of 0.85 A/W and 1 A/W at 1.3
pum and 1.55 um respectively;

—a dark current at 0.9 Vg <30 nA;

— a maximum gain M.« = 30;

— an excess noise factor F =5 at M = 10;

— a bandwidth of 2.5 GHz.
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Figure 3.16. M(V) and 1;(V) characteristics of a fast InGaAs/InP APD

Experiments on accelerated aging under extreme conditions
(175°C, 100 pA) have demonstrated the robustness of these APDs,
whose median lifetime under these conditions is greater than 4,000
hours. In addition, thanks to their high degree of reliability, they are
one of the key devices for fiber-optic communications at 2.5Gbit/s. To
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begin with, the variation in concentration and thickness of the layers
deposited through liquid phase epitaxy had a beneficial effect, with
the devices present on a treated wafer offering a wide range of
behaviors. This helped develop and understanding of their operating
conditions and to acquire a good understanding of the fabrication
requirements for such APDs. In this way, fabrication yields greater
than 50% were obtained.

More sophisticated growth techniques, such as molecular jet
epitaxy or vapor phase epitaxy, allowing the deposition of layers that
are very uniform in thickness and concentration have led to even
higher fabrication yields (>80%), while tightening the positioning
requirements for the junction layout with respect to the InP/InGaAs
interface.

3.9.2. Fast InGaAs/InP APDs

In order to meet the need for fast detectors for high-bitrate
communications at 5 or 10 Gbit/s, the normal bandwidth of APDs
(typically 2.5 GHz) must be increased. In order to do this, we must
reduce the “accumulation” of holes due to the large valence band
discontinuity at the InP/InGaAs interface, which is the main limitation
of the bandwidth of these APDs. It is also necessary to reduce the
transit time across the InGaAs absorption layer while keeping its
thickness between 1.0 and 1.5 um in order not to degrade the response
coefficient. Furthermore, the increase in doping of the InP
multiplication layer, along with a reduction in its thickness,
contributes to a reduction in the avalanche trigger time. Finally, an
active region of 30 um diameter, comparable with single-mode fiber
illumination, minimizes the capacitance of the junction. APDs with
one, two or three thin quaternary layers, or with a quaternary layer
whose composition varies continuously between InGaAs and InP,
have been fabricated with bandwidths between 7 and 9 GHz. With
only one thin 1.18 um quaternary layer (the wavelength corresponding
to the bandgap energy of the GalnAsP compound) ensuring
equipartition of the discontinuity of the valence band (0.19 eV instead
of 0.38 eV), a theoretical study [RIP 83] shows performances
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equivalent to two- or three-layer structures which are more
complicated to fabricate. After fabrication, the measured
performances are as follows:

—dark current < 60 nA at M = 10, with the best values being
around 10 nA;

— dark current /;, lying between 0.8 and 4 nA;
— maximum gain M,,, > 30 for the majority of diodes;

—response coefficient at M = 1 of 0.9 A/W at 1.3 pum and
0.95 A/W at 1.55 pm;

— bandwidth > 6 GHz at M = §;

— excess noise factor F' = 6 at M = 10, with a fabrication yield
greater than 75%.

However, these InGaAs/InP APDs targeted at 10 Gbit/s
communications are reaching the limits of performance. System
designers often prefer to use InGaAs/InP APDs at 2.5 Gbit/s in a 4 X
2.5 Gbit/s configuration, when an infrastructure for 2.5 Gbit/s optical
communications is already in place.

3.10. III-V low-noise avalanche photodiodes

The performance of APDs in terms of noise and bandwidth
depends strongly on the ratio of the ionization coefficients of the
charge carriers. For a given material, they will be higher when the
ratio between the ionization coefficients of the least and more easily
ionized charge carrier is weaker. This is the case for silicon, where at
weak electric fields (£ <3 x 105 Vem!), k ~ 0.01, which is close to
the behavior of ionization only by electrons. In contrast, in InP where
the holes are the more easily ionized, this ratio is around k ~ 0.5, a
value already corresponding to a significant noise factor.

In order to reduce the excess noise factor and increase the gain-
bandwidth product for III-V APDs based on InP or GaAs, it is
necessary to strongly increase the ionizability of one type of charge
carrier, using a modified structure or a material which has this
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property under specific conditions. Chin et al. [CHI 80] suggested
reducing the ionization energy of holes or electrons by taking
advantage of the numerous discontinuities in the valence or
conduction band which can be found in multi-quantum-well (MQW)
structures. Alternatively, Hildebrandt et a/. [HIL 81] showed that
ternary GaAlSb structures offer a significant increase in the
ionizability of holes close to a specific composition ratio. This is also
the case for the II-VI ternary compound HgCdTe.

3.10.1. I11-V super-lattice or MOQW APDs

The multiplication region of a MQW APD consists of a stack of
layers with alternately wide bandgaps (“barriers”) and narrow
bandgaps (“wells”) which produce discontinuities at the interface,
between conduction bands AE; and between valence bands AE,,
whose values depend on the nature of the materials used. The
“barrier/well” pairs favor the transport of electrons when AE, > AE,, or
of holes when A4E, < AE,. For example, in the case of the
InAlAs/InGaAs pair, an electron which undergoes a transition in a
barrier region crosses the interface and “falls” into the adjacent well,
gaining an energy AE., or alternatively benefits from an artificial
reduction in its ionization energy, thus favoring ionization in the wells.
Conversely, movement from a well to a barrier reduces the ionizing
power of the electron within the barrier. The crossing of numerous
barrier-well interfaces in succession translates into an increase in the
multiplication triggered by the electrons, equivalent to an increase in
¢;. On the other hand, the ionizing power of the holes traveling in the
opposite direction is less favored, and overall this results in a
reduction of the effective ratio of ionization coefficients k= £/ q,
leading to a reduction in the excess noise factor. When AF, > AE,,
such as in InP/InGaAs, it is the ionizing power of holes which is
favored, leading to a reduction in the ratio oy/f; for this structure.
Pairs of materials with very asymmetric bandgap discontinuities are
favored; thus, the combination of Ing 55 Al 43As/Ing 53Gag 47As (AE,. =
0.55 eV, 4E,= 0.2 eV) is more favorable than InP/Inj 53Gag 47As (4E,
=0.22 eV, 4E,= 0.38 e¢V). The number of barrier-well layers and the
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thickness of those layers both have a significant influence on
performance.

Up to now, the best performances have been obtained [WAT 97]
for a planar APD with an implanted Ti guard ring with a MQW
multiplication layer of InAlGaAs/InAlAs (0.27 um, 13 repeats) and an
absorption region of InGaAsP (1.3 pm, p = 8 x 1015 cm3) separated
by a thin doped layer of InP-P* (0.04 um, p = 4 x 1017 cm3) in order
to reduce the electric field between the two regions. These APDs are
characterized by a weak dark current of 0.36 pA at M = 10, a
bandwidth of 15 GHz, a gain-bandwidth product of 110 GHz, a
response coefficient of 0.8 A/W at 1.55 um, an excess noise factor
F(M) ~ 3 at M = 10 and a high reliability. They are well fitted to the
specifications of high-sensitivity 10 Gbit/s receivers.

3.10.2. Spin-orbit resonance APDs

3.10.2.1. GaAlSb/GaSb APDs

The strong increase in the ionizing power of holes which is seen in
Ga;_,Al,Sb/GaSb APDs with x ~ 0.05, sensitive at 1.3 and 1.55 pm, is
linked, according to the interpretation of Hildebrand et a/. [HIL 81], to
the ionization mechanism for holes which causes the valence band to
be split in two via spin-orbit coupling. The result is that, around this
composition, the structure of the energy bands specific to this material
has the unusual property of having a bandgap energy E|, close to the
difference in energy A separating the maximum values for the valence
band and the additional split band.

If AE, — 1, through the resonance effect, the ratio of the ionization
coefficients B/a@— oo and the ionization energy of holes is equal to E,.
Subsequent construction of Ga;_,Al,Sb/GaSb APDs with x ~ 0.05 has
made it possible to obtain devices with a weak excess noise factor
F(M) = 3.8 at M = 10, corresponding to a value of k=4/05 ~ 5, but
much lower than the value of 20 to 30 that has been anticipated, and a
gain-bandwidth product of 90 GHz [KAT 90]. These performances are
higher for these parameters than those obtained with comparable
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InGaAs/InP APDs; however, the inability to reduce and stabilize their
dark current or to fabricate a planar APD has led to these
investigations being abandoned.

3.10.2.2. HgCdTe avalanche photodiodes

Research into ternary, mercury-rich alloys Hg;_,Cd,Te, which had
already been explored with the aim of fabricating detectors for
military applications in the infrared windows at 3.5 pm and 8-14 um,
was extended at the start of the 1980s for the development of
alternatives to Ge APD detectors for fiber-optic telecommunications
at 1.3 um and 1.55 pm. The alloys with cadmium-rich compositions (x
~ 0.7 — 0.6) corresponding to these two transmission windows offer
the same electronic properties of spin-orbit coupling, which offers the
opportunity to develop APDs with performances similar to Ga;_,Al,Sb.

A method has been developed for growing Hg;_(Cd,Te wafers
with a given stochiometric composition, allowing the construction of
p-type substrates with doping levels around 2 x 1016 ¢cm=3, 40 mm in
diameter, with a high homogenity in terms of doping, and a low level
of dislocations. The devices are constructed in a planar structure using
traditional techniques of insulator deposition by cathode bombardment,
and photolithography. The n-type guard ring is obtained by mercury
diffusion. The active region junction is made by ionic implantation
(A, 65 keV, 104 ions cm2) followed by redistribution annealing.
The result is a PIN junction. Compositions with x close to 0.6 are the
most suitable, because they cover both transmission windows and also
give the highest values of the ratio f/a; [ORS 87], with the best being
the composition with x = 0.62, E; = 0.72 eV and f/a; = 30.
Encouraging initial results obtained in terms of dark current, response
coefficient and excess noise factor have not been confirmed at the
predevelopment stage.
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3.11. Prospects

A large proportion of the work in progress is aimed at the
development of devices for high-bitrate communications (20 to
40 Gbit/s) that are both fast and low-noise. Particularly significant is
the work on Si/InGaAs APDs, “waveguide” MQW APDs and low
noise APDs with a very thin multiplication region.

3.11.1. Si/InGaAs APDs

These APDs, combining the very low excess noise factor of Si
APDs with the strong absorption of InGaAs, should simultaneously
allow high quantum efficiency and a high bandwidth, a high gain-
bandwidth product and a low level of noise. Preliminary results
obtained for Si/InGaAs structures fabricated using the technique of
wafer fusion are very promising: bandwidths of 13 GHz for gains of
135, corresponding to a gain-bandwidth product of 315 GHz have
been measured. However, the dark current is raised very close to
breakdown and is unstable under a bias voltage [HAW 97].

Important work remains to be done to develop enough
understanding of wafer construction and the stages of APD fabrication
in order to overcome the limitations linked to the large discrepancy in
the lattice parameter between Si and InGaAs on the one hand and, on
the other hand, also linked to the difficulties of passivation.

3.11.2. “Waveguide” MQW APDs

In order to reduce the maximum transit time of charge carriers
without reducing the quantum efficiency, the light signal is injected
laterally, perpendicular to the electric field, in a vertical “waveguide”
structure whose InGaAs core is very thin (~0.5 pm).
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Since the MQW InAlAs/InGaAlAs or InAlAs/InGaAs multiplication
region is also very thin, the transit time of charge carriers is very short
and bandwidths of 25 GHz have been obtained. The gain-bandwidth
product is more than 5. For a diode of length 20 um, the response
coefficient at M =1 is 0.9 A/W at 1.55 pm for a fiber-diode coupling
factor of 80% [COH 97].

3.11.3. Low-noise APDs with a very thin multiplication region

The study of APDs with a very thin multiplication region (0.2 to
0.5 pm) has demonstrated the possibility of making devices with a
low excess noise factor out of materials such as InP, GaAs, InAlAs
whose ionization coefficients are similar, even in the case of a primary
injection by the least ionizing charge carriers. Under such conditions,
Mclntyre’s analysis is not relevant because the “dead space”, the
distance required for a charge carrier to acquire enough energy to
ionize, is no longer negligible compared to the thickness of the
multiplication region. Consequently, the ionization process is less
random, and as a result there is less noise.

Excess noise factors comparable to those measured for multi quantum
well APDs (F ~ 4 at M = 10) have been published for traditional [DRI 99]
and waveguide [KIN 00] Ing 53Gag 47As/Ing 50Alg 43As APDs with a high
bandwidth (~20 to 30 GHz), whose multiplication region in the high-
electric-field monolithic InAlAs material is separated from the low-
field InGaAs absorption region by a very thin but heavily doped InP
layer. The primary injection of electrons makes the presence of
quaternary transition layers unnecessary. This makes such structures
very attractive for high-bitrate applications as they are simpler to
fabricate.

Additionally, a record gain-bandwidth value of 290 GHz was
obtained for InAlAs/InGaAs APDs with a vertical structure
incorporating a resonant cavity centered at A = 1.55 um, a high
response coefficient (above 0.8 A/W) and a weak dark current for a
thickness of 0.2 um for the InAlAs multiplication region [LEN 99].
However, these APDs require an excellent understanding of epitaxial
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growth in order to achieve stacking of the “mirror” layers and the
active region, and are much more delicate to fabricate than the
traditional structure in [DRI 99].

3.12. Conclusion

Initially responding to the demands of military applications, the
development of avalanche photodiodes has occurred in parallel to that
of optical fiber telecommunications, with one not being possible
without the other. The result is that for each generation of fibers
corresponding to a spectral transmission window of silica, 0.85 pum,
1.3 pm and 1.55 pm respectively, there is a specific APD associated,
be it P*TPN* Si APDs, Ge APDs, and then SAGM InGaAs/InP APDs,
tailored to the relevant emitter. The perfection of high-performance
APDs has been one of the important factors in the achievement of
competitive optical communications. An increase in the sensitivity of
the photoreceiver, consisting of the APD combined with an associated
amplifier, allows either a reduction in the power of the signal emitted
in the first place or a reduction in the number of repeaters along the
link.

In addition, the high level of reliability of SAGM InGaAs/InP
APDs has contributed to the expansion of submarine optical fiber
links over the last decade, which has seen the installation of many
intercontinental links at higher and higher bitrates (5 to 10 Gbit/s)
with shorter and shorter latencies. Traditional SAGM InGaAs/InP
APDs have met, and continue to meet, the needs of designers up to
5 Gbit/s and even 10 Gbit/s. However, the advent of optical links at
bitrates of 20 or 40 Gbit/s and beyond leaves no question that there is
no current APD structure which is really applicable, and further
research is required.
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Chapter 4

Phototransistors

4.1. Introduction

The effects of light on transistors have been studied since
transistors were first created, with the main motivation for this
research being to produce a combination of photodetection and signal
amplification in single device. The first work on phototransistors dates
from 1951 when Shockley et al. [SHO 51] proposed the use of a
bipolar n-p-n or p-n-p structure as a phototransistor operating with a
base current generated by optical means. The first demonstration of
this type of photodetector was achieved two years later when Shive
[SHI 53] described a Ge-based n-p-n phototransistor, operating in the
spectral region of 1.2 um wavelength, with an optical gain of the order
of 100. In the 1960s, it was mostly bipolar Si phototransistors,
operating in the near-infrared, which were developed. However, since
the optical absorption coefficient of silicon is weak (<103 cm1), the
foreseeable applications were not those requiring high speeds.

This interest in phototransistors has recently been revived with the

development of optical fiber transmission systems and the evolution
of the III-V materials technology. This is because, on the one hand,
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the best attenuation and absorption properties of optical fibers are
found in the near-infrared, with the three minimal absorption windows
at 0.85, 1.3 and 1.55 um corresponding to the emission and absorption
ranges of semiconductor materials based on GaAs and InP. On the
other hand, III-V materials have absorption coefficients much higher
than that of silicon (>10* cm!). These two characteristics have
opened up the possibility of applying phototransistors based on III-V
materials to the field of optical telecommunications. Heterojunction
bipolar transistors and field effect transistors, made with these
materials, began to be studied as phototransistors in the 1970s [ALF
73, BAA 77].

In section 4.2, we present a summary of the different types of
phototransistors based on the materials used for their fabrication and
as a result their sensitivity to optical wavelengths. We will then
classify them according to their structure. In section 4.3 we describe
the mechanisms of operation of a bipolar phototransistor and its main
properties. Section 4.4 is dedicated to some examples of circuits based
around bipolar phototransistors. Finally, in section 4.5, we review the
main fields of application of this device.

4.2. Phototransistors

In terms of photodetectors, phototransistors can be classed according
to their fabrication material and, just like their transistor analogs, they
can also be sorted according to structure into two categories: unipolar
field effect devices and bipolar devices. This section reflects this dual
classification.

4.2.1. Phototransistors according to their fabrication materials

The first phototransistors were based on a bipolar homojunction
silicon transistor. In this indirect bandgap material, the energy of the
bandgap is 1.12 eV. As a result, silicon is photosensitive to
wavelengths in the near-infrared, 0.6-0.8 um. Later, starting in the
1970s, technological progress achieved with III-V compounds and
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their ternary and quaternary alloys enabled the development of
heterojunction devices: field effect transistors and bipolar transistors.
These materials have a direct band structure, and some of their ternary
compounds have bandgap energies which match the spectral windows
of lowest attenuation in optical fibers: 0.85, 1.3 and 1.55 pm. This is
why two variants based on III-V materials have been developed: the
GaAs variant (for A= 0.85 um) and more recently the InP variant (for
A = 1.3 and 1.55 pm). Heterojunction phototransistors based on
AlGaAs/GaAs are photosensitive to wavelengths between 0.8 and
0.9 um, with the GaAs bandgap being 1.43 eV. This value of bandgap
is compatible with the spectral window of optical fibers around 0.85
um, for which there is an attenuation of around 2 dB/km. The optical
absorption coefficient of GaAs for this wavelength is relatively high:
of the order of 10% cm!. The first optical systems, operating initially
at 0.85 pum, were later targeted at 1.3 and 1.55 um where the
attenuation in optical fibers is 0.5 and 0.2 dB/km respectively.

Thus, it is the ternary and quaternary alloys based on InP which are
best suited for photodetection at these wavelengths. In particular, the
ternary alloy In,Ga;_yAs with x = 0.53, which matches the lattice
spacing of InP, has a bandgap energy of 0.75 eV. This value of energy
is compatible with photodetection at 1.3 and 1.55 pm. The optical
absorption coefficient of InGaAs is 1.16 x 10* cm! for A = 1.3 pm
and 6.8 x 103 cm™! for A = 1.55 pm. The bandgap energy (E,) and the
applicable spectral range for the main materials used in
phototransistor fabrication are shown in Table 4.1.

y 2 o " e In,Ga;.4As | In,Ga;_,As,P|.,
Material Si Ge GaAs InP x=053 |x=073 y=0.60
E, (eV) 1.12 0.67 1.43 1.34 0.75 0.89

A(um) [0.5-0909-13|075-085|09-10| 1.3-1.65 1.0-1.2

Table 4.1. Bandgap energy and applicable spectral range for various
materials used in the construction of phototransistors
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4.2.2. Phototransistors classified by structure

Homojunction or heterojunction bipolar transistors (photo-HBTs)
and unipolar field effect transistors (photo-FETs) are three-terminal
devices. When illuminated, the optical input acts as an additional
terminal across which the device can be controlled optically. These
devices can be integrated into MMICs (Monolithic Microwave
Integrated Circuits) to achieve optically-controlled amplification or
switching, or even more sophisticated microwave functions such as
optical locking of oscillators and the mixing of optical and electrical
signals [SEE 90].

4.2.2.1. Unipolar field effect transistors

Unipolar field effect transistors (FETs), based on III-V materials,
only create a single type of charge carrier. Out of the family of field
effect transistors, most research has been focused on heterojunction
phototransistors which are Schottky gate transistors made with GaAs
(MESFETs, Metal-Semiconductor Field Effect Transistors) and high
electron mobility transistors (HEMT). This popularity is mostly due to
the possibilities of using the phototransistor effect in MMICs
(Monolithic Microwave Integrated Circuits).

Figure 4.1 shows the cross-section of an illuminated MESFET
device (photo-MESFET). Two distinct phenomena occur in the photo-
MESFET during illumination by light: a photoconductor effect which
is the result of the increase in conductivity due to the creation of
photocarriers, and a photovoltaic effect which occurs close to the
gate/channel and channel/substrate junctions. Several investigations
[GAU 85, MAD 92] have shown not only that the photovoltaic effect
dominates the photoresponse of the device, but also that this effect is
the cause of the mediocre dynamic performance of photo-MOSFETs.
Physically, we can explain this degradation by the poor coupling
between the incident light and the gate junction (poor overlap between
the optical absorption region and the region with an electric field). A
large proportion of the photocarriers end up trapped in low field
regions (e.g. the barrier), thus distorting the static characteristics of the
device.
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Compared to a photo-MESFET without illumination, an important
reduction in performance has been observed for the transition
frequency fr and the maximum frequency of oscillation fyjax when
illuminated [SIM 86]. The best dynamic performance obtained under
illumination is for a bandwidth less than 100 MHz [BAR 97].
Dynamic optical performances are very poor compared to those
obtained electrically.

Source h\‘" Schottky hl\" Drain
contact 5 gate % contact
S Y G D

Channel

Barrier

Semi-insulating substrate

Figure 4.1. Structure of a GaAs MESFET under illumination. The channel is an
n-type semiconducting region sandwiched between a semi-insulating substrate and
the space charge region (depletion region) of the reverse-biased Schottky junction

MESFET-based phototransistors have shown themselves to be a
poor approach for developing photodetectors in the microwave and
millimeter range. Other devices in the FET family, notably HEMT,
suffer from the same limitation [ROM 96]

4.2.2.2. Bipolar phototransistors

An alternative to the photo-MOSFET is the silicon-based
homojunction bipolar phototransistor or the heterojunction bipolar
phototransistor (based on GaAs or InP). In the bipolar phototransistor,
there is an overlap between the region of light absorption and the
high-electric-field depletion region. This overlap is as good as in PIN
photodiodes. As will be shown in section 4.3, the frequency response
to a modulated optical signal is directly related to its purely electrical
properties. To make the best use of the performance of a transistor,
different illumination approaches have been considered, such as
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vertical illumination through the front or rear face, lateral illumination,
or even the use of a waveguide.

4.2.2.2.1. Traditional surface illumination

The first phototransistors were surface-illuminated, which is the
traditional situation, particularly for silicon phototransistors. This
vertical illumination allows easy coupling between the optical fiber
and the phototransistor, making the integration of the device easier.
Several solutions have been proposed: in the case of an opening in the
metallic contact of the emitter, the incident light flux crosses the
emitter without being absorbed, and the electron-hole pairs are created
in the active (or intrinsic) base-collector region of the photo-HBT, that
is, the region which is just below the emitter. If a base contact is
removed, as shown in Figure 4.2a, the optical flux directly illuminates
the base and the collector in the “extrinsic” region of the
phototransistor.

4.2.2.2.2. Rear-face illumination

The aim of rear-face illumination of a transistor is the creation of
photocarriers in the active region of the transistor (see Figure 4.2b)
without modifying the emitter contact. The traditional HBT structure
is used with a substrate which does not absorb the incident light. The
absorption of light takes place in the collector and the base.
Furthermore, the response coefficient is improved because the
metallic contact of the emitter acts as a mirror.
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Figure 4.2. Cross-section of a HBT phototransistor with
(a) front-face illumination and (b) rear-face illumination

4.2.2.2.3. Lateral illumination

Lateral illumination (parallel to the layers) offers another approach
for the injection of light into a transistor. It is inspired by the
technological processes developed for photodiodes. This type of
illumination requires a face very vertical to the base-collector island,
in order to obtain the best possible injection efficiency. In laterally-
illuminated phototransistors, the photons and charge carries no longer
propagate in the same direction, as is the case of vertically illuminated
photo-HBTs. The aim of lateral illumination is to simultaneously
improve the conversion of optical power into electrical power
(quantum efficiency) and the speed performance (high operating
frequencies) of the device.

4.2.2.2.4. Lateral illumination with an integrated waveguide

However, lateral illumination does pose significant difficulties in
terms of achieving a good optical coupling between the fiber and the
device. This is why one trick involves the fabrication of a waveguide
integrated into the structure of the device, as shown in Figure 4.3.
With this approach, the matching of the mode leaving the optical fiber
to the propagation mode inside the device is made easier [FRE 96]. In
the best cases, an improvement to the injection efficiency is observed
which rises from 50% to 90%, with an improved frequency response.
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4.3. The bipolar phototransistor: description and principles of
operation

The bipolar phototransistor is a transistor designed such that the
“signal” current which feeds the base terminal is mostly provided by
photoelectric effects. This “signal” is then amplified by the transistor
effect of the device. First we revisit the principle of operation of a
bipolar n-p-n phototransistor, which consists of two distinct p-n
junctions, as shown in Figure 4.4. Then, we shall discuss the parameters
characterizing the phototransistor: the response coefficient, the static
and dynamic gains, the response time, the conversion gain and the noise.
A cross-section of an n-p-n type bipolar phototransistor, using mesa
technology, is shown in Figure 4.4, along with its bias circuit.

e -:D__
Base —»

Collector —=I"A bsorption region

_T] 3 L

Gain L
hv Waveguide
% 7777777, Cladding
Substrate

Figure 4.3. Cross-section of an integrated waveguide
phototransistor under illumination
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Figure 4.4. Schematic diagram of an n-p-n phototransistor, along with its bias circuit
in common-emitter configuration. The shaded regions are free from mobile charges.
The base, collector and sub-collector parts can be thought of as a PIN photodiode
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4.3.1. The phototransistor effect

In Figure 4.4, the n-p-n phototransistor is biased in the common-
emitter configuration, with voltages Vgg > 0 and Vg > 0. It differs
from traditional bipolar structures, having a relatively large side area
of the base-collector junction; this is called the optical window and is
what becomes illuminated. This part of the device is effectively a
photodiode, connected between the collector and base contacts of the
active transistor. When illuminated, electron-hole pairs are created by
the photoelectric effect, in the base and in the space charge region
(SCR) associated with the base-collector junction (we assume for the
sake of simplicity that no absorption takes place in the sub-collector
and that the collector is entirely free of mobile charges). A
photocurrent /4, known as the “primary” photocurrent, is established
between the base and collector regions; it is transported by minority
electrons from the base which diffuse towards the collector, and by the
carriers generated in the SCR, which are separated and moved by the
electric field. The flow of this photocurrent /5 generates a voltage
across the base-emitter and base-collector junctions such that the
transistor finds itself in its normal operating system (Vzg > 0 and
Veg> 0).

The holes attracted by the base will therefore find themselves
blocked by the emitter-base junction. This excess of holes will cause a
reduction in the emitter-base potential barrier, which results in an
injection of electrons from the emitter into the base, from where the
majority will diffuse until they are at the level of the collector. Thus,
this is the traditional behavior of a bipolar transistor. The
amplification of the photocurrent is a purely electrical phenomenon
due to the transistor effect.

4.3.1.1. The main currents in the phototransistor

In the normal operating system, the phototransistor can be
characterized in terms of the following currents (see Figure 4.5):

— Firstly, the emitter injects electrons into the base region. These,
minority carriers in this region, diffuse perpendicular to the junction
layout and, if the base is thin enough that recombination can be
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ignored, they reach the depletion region of the base-collector junction,
where the high electric field present in this region clears them out
towards the collector region. The flow of these charge carriers gives
the contribution /,,., which is shown in Figure 4.5.

— Conversely, a current /,,, of holes, majority carriers in the base, is
injected from the base towards the emitter.

— Generation-recombination phenomena mostly occur at the level
of the emitter-base junction, /., and in the base, /,;. 1,.;, comes from
the recombination of electrons in the SCR of the emitter-base
junction. /., is caused by the recombination of electrons with holes,
majority carriers, in the base.

— Illumination produces the primary photocurrent /5. Mostly created
in the SCR of the base-collector junction, /4 originates from a current
of electrons which migrate directly toward the collector contact, and
from a current of holes which accumulate at the level of the base.

Thus, balancing the different contributions to the current crossing
the two junctions, listed above, allows us to calculate the total currents
at the emitter, collector and base; in this way, we can use the continuity
of the electron and hole currents across the transition regions to write
the following equations. For the base:

IE = Ine + [pe + Ireb [41]
the emitter:

[B = [pe + Irb + ]reb - [CD [42]
the collector:

Io=1,—1,+]1, [4.3]
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Figure 4.5. Distribution of the different currents of electrical and optical origin
in the phototransistor. The SCRs around the emitter-base
and base-collector junctions are shown by dotted lines

Equations [4.1], [4.2] and [4.3] will be used in the following
sections to define the optical gain and the electrical gain of the
phototransistor.

4.3.1.2. Injection efficiency from the emitter in a homojunction
and a heterojunction

The standard parameters for a bipolar transistor, the injection
efficiency from the emitter ¥, and the transport factor in the base o,
can be extended to the phototransistor with the help of equations [4.1],
[4.2] and [4.3] where the photocurrent term /5 was introduced. The
injection efficiency y relates the ratio of the electron current I,
injected into the base to the total emitter current Iz, by the following
equation:

1
y=—— me [4.4]
Ine + Ipe + Ireb

Recombination currents reduce the injection efficiency and they
must be minimized. If in equation [4.4] we ignore the effect of
recombination in the emitter-base SCR, we obtain:



122 Optoelectronic Sensors

1

= 4.
Y 7 [4.5]
14 -2

ne

This ratio must be as close as possible to 1 (/,, << ) in order to
achieve the maximum injection efficiency. Starting from the transport
equations established for a bipolar phototransistor, it has been shown
that the injection efficiency closely follows the following expression
[CAM 85, MOR 72]:

Ay,

=—2 4.6
1+4-7, [4.6]

/4

where A is a constant, a function of the thickness of the base and the
diffusion length of electrons in the base, and Y is the Kroemer factor
[KRO 57a and b] established for an emitter-base heterojunction. The
Kroemer factor is a function of the physical parameters of the
materials making up the heterojunction, and can be expressed in the
following way:

D, -L -n
nb " pe e

Dpe.Lnb.pb

Vo=

with:
— AE|, the difference in bandgap between the emitter and the base;
— D,,;, the diffusion coefficient of electrons in the base;
— Dy, the diffusion coefficient for holes in the emitter;
— L, the diffusion length for holes in the emitter;
— L,;, the diffusion length for electrons in the base;
— n, the electron density in the emitter;
— pp the density of holes in the base;

—m",, and m*pb the effective masses of the electrons and holes in
the base;
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- m",, and m*pe the effective masses of the electrons and holes in
the emitter.

For a homojunction bipolar transistor, there is no variation in the
bandgap between the emitter and the base, AE, is zero, and the
exponential factor in equation [4.7] is equal to 1. It is clear from [4.6]
and [4.7] that to obtain a high injection efficiency, y= 1, it is crucial
that the emitter should be much more heavily doped than the base.
Conversely, for a heterojunction, y depends mostly on AE,, and the

term exp(AE,/kT) becomes dominant compared to the n./py, ratio; thus,

to obtain a y close to 1, it is no longer necessary to under-dope the
base relative to the emitter and/or overdope the emitter relative to the
base. In heterojunctions based on the materials GaAs/AlGaAs and
InGaAs/InP, the size of the emitter bandgap (AlGaAs and InP) is more
important than that of the base (GaAs and InGaAs), thus offering a
reduction in the injection of majority carriers from the base into the
emitter. For the heterojunction phototransistor, the base can be doped
at high levels without compromising the efficiency of the junction,
leading to a reduction in the resistance of the base. The doping of the
emitter can remain within relatively low limits, thus reducing the
capacitance of the emitter. These two effects combine to give an
improvement in the current gain and an increase in the high frequency
performance of the heterojunction bipolar phototransistor.

4.3.1.3. Transport factor in the base

The transport factor in the base B is defined by the ratio between
the electron current gathered by the collector and the electron current
injected from the emitted into the base:

1
B = _nc — ne rb 4.8
e et [4.8]

Due to the recombination current, B is always less than 1.
Beginning with equation [4.8], B can be expressed as a function of the
transit time in the base ¢z and the lifetime of electrons in the base 7,
using the following equation [CAM 85, CAS 89, POU 94]:
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B:l—;i [4.9]

n

According to [4.9], B is closer to 1 when the transit time ¢z is small
compared to the electron lifetime 7,. The transit time tg is smaller
when the base thickness is small. As a result, it is necessary for the
base thickness to be smaller than the diffusion length of the electrons.
For a phototransistor, as for a transistor, the base should therefore be
as thin as possible.

4.3.2. The response coefficient of a phototransistor

The response coefficient of the photodiode base-collector part of
the phototransistor is defined as the ration of the primary photocurrent
I to the received optical power P,,;:

1
S :Pi(A/W) [4.10]

0
opt

The quantum efficiency, which is the ratio of the number of
electrons collected to the number of incident photons, is also used to
characterize the optical-electrical conversion of the base-collector
photodiode. This efficiency, often called the external quantum
efficiency, is expressed in the following way:

1
g Jtalt b [4.11]

- 0
Py /hv 4
and the response coefficient of the phototransistor is characterized by

the ratio of the component, due to optical excitation (Ic)y,, of the
current leaving the device /¢ to that same incident optical power:

S:%: Uc),, -L'D(A/W) [4.12]

Pnpt I<I) Ijapt

As we will see in the following section, the ratio (I¢)y,/Ig defines
the optical gain of the phototransistor.



Phototransistors 125

Taking into account equations [4.11] and [4.12] we can express
(Ic)op: in the following way:

-4 —
(IC )upl Ty - Gopt 'Popt - ant S "E:»pz [4.13]

This last equation clearly shows that the phototransistor has an
effective response coefficient G,,, times greater than that associated

with the base-collector photodiode.

4.3.3. Static electrical and optical gains of the phototransistor

4.3.3.1. Static electrical gains [3) and o

In the static system, the current gain of the phototransistor is
obtained without illumination and, as a consequence, it is defined in
the same way as for a bipolar transistor. In the common-emitter
configuration, the static electrical gain 3 is given by:

I —1
f=tc =t ln [4.14]
B Ipe+1rb

This gain can also be expressed as a function of the injection
efficiency y and of the transport factor in the base B taking into
account equations [4.5], [4.8] and [4.14]:

[4.15]

Because of this dependence on v, the current gain in the common-
emitter configuration, [, can reach very high values for the
heterojunction bipolar transistor. We also define the current gain in
common-base configuration ¢, which is the ratio of the collector
current to the emitter current. Its relationship with the gain £ is:

a,—c_ b [4.16]

) =
I, 1+
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4.3.3.2. Static optical gain G,

The static optical gain of a phototransistor is obtained under
continuous illumination. It is defined as the ratio between the
component linked to the collector current (Ic),, and the primary
photocurrent /4, obtained at the level of the base-collector photodiode:

(IC )opt hv (IC )gp[

G: =

: av. [4.17]
i ICD qn Popt

G, is the equivalent of the electrical gain [y under illumination. It
links the gain obtained through amplification, due to the transistor
effect, to the primary photocurrent /5. Several authors have shown
that, for a bipolar transistor, G, is proportional to the product of the

external quantum efficiency and the electrical current gain [CAM 85,
CHA 85]:

G, =0 (14 5,) [4.18]

Equation [4.18] shows that to achieve a given value of G, it is
necessary to establish a compromise between the quantum efficiency
n and the electrical gain £, depending on the intended application.
The result is that the larger the value of 7, the smaller the value of £,
and vice versa. In addition, G,,, is always smaller than /.

4.3.4. Dynamic characteristics of phototransistors

In the dynamic system, just as for a normal transistor, the
phototransistor effect can be put to good use in the quasi-linear
“small-signal” mode, in the non-linear mode to achieve multiplication
and mixing behavior and in the “large signal” switching system. In
these three cases, the illumination varies with time and we are
interested either in (amplitude) modulated light or in an impulse.
These three dynamic modes of operation of a phototransistor will be
analyzed below.
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4.3.4.1. Small-signal operation

In the context of small-signal applications, the excitation by light
may correspond directly to the signal to be amplified, or alternatively
it may include a continuous component (modulated signals) which can
be put to the particular use of ensuring a pre-bias in addition to that
obtained by electrical access to the base. Phototransistors whose base
is electrically accessible have the advantage of allowing, by selecting
the bias to the base, the choice of an operating point which ensures
optimal linearity. The global response time of a phototransistor is no
different to the “electrical” response time of the transistor element
triggered by the current /4 induced in the base-collector photodiode.
Two time constants are therefore associated with the dynamic
operating system of a phototransistor: the first is due to the intrinsic
transport of photocurrent carriers, while the second is due to the
electrical response of the phototransistor. The first time constant may
be more or less important depending on the geometry of the device;
however, to begin with, we can presume that it is the electrical
response time which is most significant. The electrical response time
of a phototransistor is linked to its transition frequency fm, which is
the frequency at which the optical gain is equal to 1. In an equivalent
manner to a transistor, this sets the limit for the use of a
phototransistor as a photocurrent amplifier. This transition frequency
can be calculated in a similar way to the calculation of the equivalent
small-signal method for the 7 hybrid configuration.

4.3.4.1.1. Transition frequency calculated using the m hybrid model

The behavior of a phototransistor in the small-signal system is
shown in the equivalent circuit diagram of Figure 4.6b. This is based
on an electrical model of a bipolar transistor known as the Giacoletto
circuit, which is established for the common-emitter arrangement
[LET 78]. The incident illumination is modeled by a photocurrent
source ip placed between the base B and the collector C. The output
signal is taken across the terminals of a load resistance R; connected
to the collector.
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Figure 4.6. (a) Electrical model and (b) its equivalent electrical circuit in the small-
signal system of a phototransistor, for a common-emitter configuration

The elements of the above equivalent circuit can be described as
follows:

— Rpp is the dynamic input resistance of the phototransistor;

— Rpe = PoUr/Ic;

— Crgg and Crpe are the transition capacitances of the emitter-base
and base-collector junctions;

— Cypg 1s the diffusion capacitance, which represents the effects of
accumulation of minority charge carriers in the base, effects linked to
the transit time 7z in this region, Csgr = 73.1c/Ur;

— g, defines the transconductance, g, = Io/U7.

Under these conditions the input photocurrent igp, called the
primary, can be expressed in the following form:

. 1 . T
lp = Vpe - R +fw'(CTBE+CSBE)+[VBE+RL"c J@-Crpe [4.19]
BE

in which the second term (corresponding to the current component i
indicated in Figure 4.6) represents the internal reaction mechanism
induced by the transition capacitance of the base-collector junction
Crgc and by the load resistance R;, commonly referred to as the
Miller effect. If we now ignore the current contributions i and igp
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compared with the amplified current g,vgg, the output collector
current is found to be:

I =8, Var [4.20]

Given this, the ratio i¢/ig, which defines the dynamic current gain
of the phototransistor g., known as the optical gain in the small-
signal system, can be written in the form:

()= )= Py 4.21
o (] ) 8opt (] ) . Crr 4 Cr [4.21]
I+jw-B | "+ 7,+R.-Cpp

m

At high frequencies, the imaginary part of the denominator of
equation [4.21] becomes dominant and we can write:

1

= e [4.22]

jo . BC 4 7, + R, - Cppee
m

If we assume that the product Rc.Crpe is weak compared to the
two first terms, |g,,,| is obtained when:

Crge +C
1L Tt B+ 7, [4.23]
@ wTO gm

Equation [4.23] defines the angular frequency of the transition wyy,
with the transition frequency fry being wry/27. Physically, the
transition frequency, f7y, corresponds to the total transit time, 7z, of
photocarriers from the emitter to the collector. It is interesting to
analyze this time constant 7, associated with f7y. It is defined as:
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1 1
po L __ 1 [4.24]
’ Oro 27 frp

If we substitute equation [4.23] into [4.24] we find:

Crp  C
7, =—DE { IBC | g, [4.25]
gm gln

The first two terms of equation [4.24] correspond to the charging
times of the base-emitter and base-collector junctions respectively.
Equation [4.25] shows that 77 depends on the collector current /- (via
gm) up to a certain threshold and, if we take into account equation
[4.13], 77 is inversely proportional to the incident optical power P,;.
For high values of P,,, 7; approaches the limiting value 7z. On the
other hand, at low values of P,,;, the terms in Crgr and Crpc become

dominant and the transition frequency f7, is proportional to P,,.

This behavior of f7 as a function of the incident optical power has
been experimentally observed, as shown in Figure 4.7. This
dependence makes the use of relatively high optical powers (>10 uW)
necessary. Alternatively, we can use an electrical current via the
metallic base contact to pre-bias the structure, thus reducing the
“threshold” optical power needed to reach the maximum value of f7.

With the help of equation [4.22] we can also define the cutoff
angular frequency @p as being the angular frequency at which |g,,|
falls by 3 dB. This is equal to:

1 Cp +C
— - B, TBEg TBC 4 T+ R, - Crpe [4.26]
B m
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Figure 4.7. Variation in transition frequency fTo with incident optical power Pp,.
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Figure 4.8. Frequency response of a phototransistor for different load resistances

It can be clearly seen from equation [4.26] that the cutoff angular
frequency wg depends on the operating point (as does wrp) and on the
value of the load resistance R, as shown in Figure 4.8.

4.3.4.2. Nonlinear operation

A bipolar phototransistor behaves similarly to a bipolar transistor,
and as a result possesses nonlinear characteristics which allow it to act
as an optical-electrical mixer. It can mix a modulated optical signal,
carrying information, with an electrical signal from a local oscillator.
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This mixing behavior has been the subject of recent research [BET 98,
GON 98, SUE 96] and has been developed for telecommunication
applications. Two mixing configurations are possible:

— transposition of a low frequency input signal into a higher
frequency signal. This mode of operation will be referred to below as
up-conversion;

— transposition of a high frequency input signal into a lower
frequency signal. This mode will be referred to as down-conversion;

4.3.4.2.1. Mixing principles

Any device able to transpose an input signal from a frequency fg
into another higher or lower frequency is known as a mixer. This
change in frequency originates in the nonlinear properties of the mixer
and can be explained in the following manner: consider a circuit
element whose I/V current-voltage characteristics are nonlinear (a
nonlinear resistance, a Schottky diode, etc.). If it is subjected to a
voltage Vor = vorsin(wprt), its I/V nonlinearity can be described by
expanding the current flowing through the element in terms of a
discrete series that is a function of the voltage V-

I=1(V)=I,+aV +a)° +a)’ +.. [4.27]

where [; is a continuous bias current and a;, a, and a3 are real
constant coefficients. [4.27] shows that we see an infinite number of
powers of V appearing at the output of the circuit, these will enrich the
spectrum of the input signal V. If we add a second signal to the input,
Vir = vesin(wgrt), the spectrum of the output signal becomes even
more complicated due to the presence of the products of Vi, and Vyz
and their respective harmonics.

If we now replace V with Vg, + Vi in [4.27], the current (V)
becomes:
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[4.28]

— Wy )t —COoS (a)OL + 0y )t]

The interesting frequencies are (wy; + @) and (wo;, — wgy) and
they can be extracted by a filter tuned to the target frequency. In a
bipolar mixing transistor, the main nonlinearity contributing to the
mixing behavior is transconductance. For a bipolar phototransistor, the
nonlinearity in the current gain is the most important parameter.

4.3.4.2.2. Performance criteria

As a first approximation, we can say that the performance criteria
established for a mixing transistor can be applied to a mixing
phototransistor. We will discuss two of these criteria: conversion gain

and insulation.

VOL = VOL‘COS((DOLI)]
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P= PF[ [1 + m'COS(OJF[t)]

Emitter
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Base P+

Output RF

Collector N—

Sub-collector N+

Figure 4.9. Optical and electric inputs of the phototransistor
(in place of the mixing phototransistor)
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Conversion gain

In a mixing phototransistor, the optical input is physically
separated from the electrical input (see Figure 4.9). The optical signal
“enters” through the optical window and the electrical signal is
applied to the metallic contact of the base. In the common-emitter
configuration, the mixed signal is obtained at the output of the
collector. The traditional definition of the conversion gain G,,,,
applied to a phototransistor, can be expressed as the ratio between the
output electrical power at the “mixed” frequency and the effective
available input optical power at the modulation frequency of the light.
Taking the case of up-conversion, the light is modulated at an
intermediate frequency Fjz, the frequency of the local oscillator Fy; is
much higher than F;z, and the mixed frequencies F are:

Frr=For * FF;
The conversion gain can be written as:

! Popt (F FI )

In equation [4.29], the denominator refers to an optical power. In
order to determine the electrical power generated by the incident
optical power, we must take into account the primary photocurrent /4
generated by the illumination at the level of the base-collector junction,
and of the input impedance associated with this junction, Zgc. The
electrical power can thus be expressed by the equation:

P

elec

1 2
:E~Real(ZBC)-|I¢| [4.30]
and the electrical conversion gain can be expressed as:

L R [4.31]

(Pelec )F[ - Reel (ZBC ) |]<I>|2

con
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Another definition of the conversion gain is possible. It is defined
as being the ratio between the power of the mixed signal Fzz and the
“primary” power of the incident signal Fz, in other words, the power
of Fjr obtained when the base-emitter junction of the phototransistor
is short-circuited (base-emitter voltage Vzg =0 V).

G - twr [4.32]

con ( PF1 )

VBE 0o

When describing experimental results this second definition of
G, 1s the most widely used.

Insulation

All the frequencies generated by the mixing are present at each of
the terminals of the mixer, and this has a significantly detrimental
affect on its conversion gain performance. As Figure 4.9 shows, the
phototransistor has three points of access, two electrical, the base
contact (OL) and the collector contact (RF), and one optical, the
optical window (/F). The insulation is measured between two of the
mixer’s points access, [F-OL and IF-RF, by the ratio between the
power at the frequency F, (or Fgp) present at the access point OL (or
RF) and the power at the frequency Fy; (or Fgrg) present at the IF
access point. Let us consider the OL and [F access points at which the
For and Fip signals are injected. If we hypothesize that no electrical
signal originating from the access point of the base can be converted
into an optical signal leaving through the optical window, the IF-OL
insulation is infinite. The same reasoning can be applied to the /[F-RF
access point. As a result, we obtain a maximum insulation between
these two pairs of terminals without needing to use external circuitry.
However, for insulations in the opposite direction, OL-IF and RF-IF,
there can be a loss of Fjr signal power in each of these two electrical
access points.

4.3.4.3. Operation in the strong-signal system

As was mentioned previously, the other application of a
phototransistor concerns the detection of radiation in the strong-signal
system. In this case, the presence or not of the illumination induces a
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switching type of behavior: the device initially blocks a signal, or is in
the weak conduction system if it is pre-biased. It then enters the
normal, or even saturated, system when light is applied; it will then
return to the initial mode of operation when the input signal ceases.
These system changes give rise to transitory phases, as shown in
Figure 4.10, which defines a response time for each: the lag time ¢, is
inherent to the time it takes the transistor to start conducting (in the
case of operation without pre-bias) and is linked to the charging of the
transition capacitances Cygg and Crge. By considering the mean
values of these parameters, this time can be calculated using the
expression:

0.7-(C C
¢ = ( TBE + TBC) [433]
r I(D
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Figure 4.10. Representation of the different switching
response times of phototransistors
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The rise time ¢, in the normal active system (up to saturation, if
applicable) is more difficult to evaluate, bearing in mind the variation
in numerous electrical parameters that apply in this transitory system;
nevertheless, the dynamic behavior of the phototransistor can be
approached in a simple manner, using the small-signal model. If we
assume that the current gain and its cutoff frequency are independent
of the level of injection; the result is that the first-order model, which
relates /- to I in the context of this assumption, suggests that the
collector current response to a step change to the primary photocurrent
in the base follows an exponential law with time constant 1/@g. Thus,
the rise time which separates the start of the growth in the collector
current (conventionally, /- equal to 10% of its final value) from the
end of this first transient phase (/- equal to 90% of its steady-state
value), being either f3).1p or I¢y,, can be calculated as:

[ == [4.34]
Dp
when saturation is not reached and:
1
¢ =98 [4.35]
o I

in the alternative case.

For opposite switching, the desaturation time corresponds to the
removal of the accumulated surplus charge in the form of the minority
carriers (electrons) in the vicinity of the base, and is therefore defined
by the lifetime of these charge carriers.

Over the course of the decaying phase of the collector current, the
transistor is once more in the normal active system, up to the point it
stops conducting. The fall time t; can again be expressed by equations
[4.34] and [4.35].
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Figure 4.11. Response time of a phototransistor as a function of the
collector current and for different values of the load resistance

Here once more, in the switching system, the rise time t. and the
fall time t; increase with the load resistance R;. We also observe that,
while it leads to an increase in response time, the presence of
saturation leads to a reduction in these rise and fall times. Finally, the
addition of a pre-bias also contributes to an improvement in ¢, and #,
as can be seen in Figure 4.11. Overall, depending on the type of
phototransistor and the circuit used, along with its load resistance and
operating point, these response times vary from a few tenths to tens of
microseconds.

4.3.5. Noise in phototransistors

The phototransistor is the first element in a photoreceiver system.
This means that there is a certain threshold power below which the
photoreceiver cannot detect a signal: a power which is determined by
the power of the noise in the phototransistor. The minimum detectable
power in the photoreceiver system is limited by the noise in the
phototransistor and its load circuit. The noise in the phototransistor is
hence an important criterion for judging the performance of the whole
photodetection apparatus. The most commonly-used approach for
characterizing the noise of a photodetector is the noise equivalent
current generator, applied at the input [CAM 82, SMI 80, WAN 86].
This is the approach that we will develop over the rest of this section.
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Four main noise sources can be associated with a HPT:

— the shot noise due to the base current /3 entering the phototransistor,
this current is the sum of the photocurrent /4 and the electrical bias
current Ig,e.;

— the shot noise due to the collector current /¢, at the output of the
HPT;

— the thermal noise due to the load resistance R;

— the thermal noise generated in the base region and, in contrast to
the other quasi-neutral regions, the base, although heavily doped,
presents an effective base resistance Rg which can reach values as
high as hundreds of Ohms.

The spectral densities of the noise power, i° / Af in A?%/Hgz,
associated with each source of noise are, for the base, the following:

-2
) ase 4k
lef =2-(29 (I + Tpee )+ —RBZ [4.36]

The factor of 2 in equation [4.36] is due to the correlation which
exists between the base-emitter and base-collector junctions [MON
71]. Physically, this arises from the fact that each fluctuation in the
base current Alg simultaneously produces another equivalent
fluctuation in the emitter current to compensate for Alz. These two
currents, in the opposite direction, cancel through recombination, but
their shot noises are independent and add up. For the collector:

-2 -2
el il gy M [4.37]
Af Af R,

output output

These two spectral densities associated with the collector at the
output of the transistor are linked to the optical input of the
phototransistor in the following manner [THU 99]:

A o : e [4.38]

-2 -2
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input input
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where g, is the dynamic optical gain of the phototransistor, defined
in equation [4.21].

Some degree of correlation can exist between the sources of shot
noise in the base and collector. Nevertheless, for frequencies above
the noise cutoff frequency 1/f, the correlation between these two
sources can be assumed to be negligible [ESC 95]. As a result, the
total spectral density of noise power of the phototransistor, in terms of
its optical input, can be expressed as the sum of all the spectral
densities, equations [4.36] and [4.38]:

-2
LTot

Af

A2

Hz

4T 1 4kT
=4-q-(Iy + gy )+ —— +—— -[2~q-lc+—

[4.39]
RB RL
gupt

According to equation [4.39], the total spectral noise density of the
phototransistor is dominated at low frequencies by the sources of
noise linked to the photocurrent Iy, to the bias current of the phase
Ig... and to the base resistance Rpg; at high frequencies, the noise
source due to the collector current becomes dominant.

4.4. Photodetector circuits based on phototransistors
4.4.1. Amplification circuits

Phototransistors can be used either in the linear detection system
(continuously modulated signals or pulsed signals) or in the switching
system, in circuits with (see Figure 4.12a) or without (see Figure
4.12b) pre-bias, with of course the possibility of adding an additional
level of amplification (see Figure 4.12¢). It has been shown that in
every application — detection of weak or strong signals — the speed is
limited by the value of the load resistance of the phototransistor. In
order to improve sensitivity, it is common nowadays to use either an
active load with low input impedance (a common-base transistor) (see
Figure 4.12d) or an operational amplifier providing the current-
voltage conversion (see Figure 4.12¢). Finally, we should note that the
phototransistor can be integrated with a second transistor to form a
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photo-Darlington pair (see Figure 4.12f). This structure clearly gives a
greater response coefficient at the cost of deterioration in the operation
speed.

Figure 4.12. Main circuit diagrams for phototransistors: a) structure with two
electrodes E and C, b) pre-bias using access to the base, c) supplementary
amplification with a second stage, d) improvement in speed using a low impedance
load (common-base transistor) or e) by current-voltage conversion, f) integration on
silicon of a second stage: the photo-Darlington pair. Note: structures c) and d) are
used in fast circuits

Structures ¢) and d) have been used to make monolithic amplification
circuits integrating the phototransistor and several HBTs, for wideband
[CHA 92, KAM 00, WAN 86a] and narrowband [GON 00a, KAM 95]
applications.

4.4.2. Nonlinear circuits

Phototransistors can also be used in optoelectric mixing and auto-
oscillation configurations. The simplest circuit is shown in Figure
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4.13a and consists of a phototransistor and two matching cells. The
first cell is placed between the source OL and the input to the base of
the phototransistor. The second cell is placed between the output of
the collector and the load resistance R;. The optical signal is
modulated at the intermediate frequency IF, and the mixed signals at
frequencies OL + [F are recovered at the output of the collector. The
second circuit, described by Sawada et al. [SAW 99] and depicted in
Figure 4.13b, consists of a phototransistor and a circuit associated
with its base which allows it to auto-oscillate at the OL frequency of
9.567 GHz. This frequency is stabilized using a dielectric resonator
DR. The optical signal is modulated at the frequency of 0.2 GHz, and
the mixed signals recovered with up-conversion are at frequencies of
9.367 and 9.767 GHz. The third circuit, described by Lasri ef al. [LAS
00], is shown in Figure 4.13c. It consists of two phototransistors with
their emitters joined together. One phototransistor is used as an auto-
oscillator at 30 GHz locked optically to an optical signal A; modulated
at the same frequency OL. This signal OL is coupled with the second
phototransistor, which acts as an optoelectrical mixer between the
30 GHz signal and a second optical signal, A,, modulated at 300 MHz.
The two optical signals A; and A, could be at wavelengths
corresponding to a WDM (wavelength division multiplexing) scheme.
These circuits demonstrate the abilities of phototransistors to combine
the functions of photodetection, amplification, mixing and auto-
oscillation.

4.5. Applications
4.5.1. Galvanic isolation

Silicon phototransistors have been used for a long time in optical
isolators. These devices may or may not have a base contact. Figure
4.14 shows an optical isolator based on a phototransistor. For this
application, all that is required is to connect a structure upstream
which takes care of the conversion of an input electrical signal into a
light beam. This is in order to achieve a transfer of information which
avoids any form of electrical connection. In this way, galvanic
isolation between the controller and the receiver is ensured, and the
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achievable voltage difference, which in the static system is determined
by the distances which separate the two components or the
connections to the different electrodes, can reach several kilovolts.
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Figure 4.13. Various circuit diagrams for phototransistors acting as (a) a simple
optoelectrical mixer, (b) auto-oscillation and mixing with only one phototransistor
and (c) auto-oscillation and mixing with two phototransistors
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Figure 4.14. Schematic representation of an optical isolator
based on a phototransistor
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The device providing the electron-photon conversion at the input is
normally a light-emitting diode (LED) based on GaAs, whose
emission line of around 850 nm is well suited to optical detection by
the phototransistor or the photo-Darlington pair. The current
conversion gain can reach 500%. An example of its variation as a
function of the input current is shown in Figure 4.15.
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Figure 4.15. Current transfer level (current from the collector of the
phototransistor/current in the input LED) as a function of the
input current to the optocoupler

Another application of silicon phototransistors involves power
electronics. These types of devices must often meet strict requirements
of galvanic isolation, particularly for control applications and energy
conversion from the industrial electricity grid. Control through optical
means allows this specific problem to be solved in an efficient and
elegant manner: with the thyristor and the triac — which are the two
basic bipolar components in this application domain — constructed
around a photodiode, whose response replaces the current from the
control electrode, the gate. A schematic cross-section for a
photothyristor and the equivalent circuit for a phototriac are shown in
Figure 4.16.



Phototransistors 145

Photothyristors present very interesting possibilities for direct current
power transmission at high voltages (1,000-1,500 A and 5-8 kV)
[ARN 92].

The phototriac is constructed by combining two photothyristors in
parallel, in opposing directions. The near-obligation, for monolithic
integration of this device onto a silicon substrate, of using only one
surface of the substrate minimizes the current capacities and reduces
the voltage stability. Because of this, these devices are applied in the
domain of static relays which involve currents and voltages not
exceeding 1 A and 1 kV.

4.5.2. Phototransistors for optical telecommunications
This application, which requires both a good response coefficient

and speed, mostly involves heterojunction bipolar transistors based on
InP and InGaAs.

Optical Cathode
fiber = 0 y
I, T (V) s iiom
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Figure 4.16. (a) Schematic cross-section of a photothyristor
and (b) the equivalent electric circuit for a phototriac

In the basic process of an optical transmission system, shown in
Figure 4.17, the phototransistor is the device which converts the
optical signal into an electrical signal. It is situated at the input of the
receiver, acting as an optical detector. In the transmitter, the light is
modulated (directly or indirectly via an optical modulator) with the
signal carrying the information. This signal can be of an analog or
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digital. After transport through the optical fiber, the optical signal is
demodulated by the photodetector in order to recover the electrical
signal. This signal is subject to noise and distortion, and so the
receiving circuit may need to amplify and reconstruct the signal in
order to extract the original information.

opica | (D) _[opticat | VV\ [ RF

emitter Optical fiber " | detector | circuit

—— —

LAVaVAl Receiver
RF source | Transmitter

Figure 4.17. Schematic diagram of an optical transmission system
with an analog transported signal

An InP/InGaAs phototransistor is an alternative to traditional
photodetection, consisting of a PIN photodiode associated with a
preamplifier. As was previously stated, this device is of interest
because of its combination of photodetection and amplification
behavior and, since its structure is similar to that of a heterojunction
bipolar transistor, it can attain a frequency performance comparable to
that of a HBT based on InP [BLA 00]. In addition, when acting as an
optical-electrical mixer, it can convert the demodulated signal to other
frequency ranges depending on the required output.

4.5.2.1. InP/InGaAs  phototransistors as  pre-amplifying
photodetectors

The transport of analog and digital data takes place at frequencies
and bitrates that are constantly increasing. In digital transmission, for
example, currently 10 and even 50 Gbit/s can be achieved. As a result,
phototransistors must become faster and faster while maintaining a
good level of sensitivity. The structure of a phototransistor based on
InP/InGaAs is shown in Figure 4.18. This device is sensitive to optical
wavelengths, A = 1.3 and 1.55 um. The base and collector layers are
made of InGaAs and the emitter layer is InP. The optical window sits
directly above the base. This has been optimized to achieve an optical
gain of 30 dB and a transition frequency of 88 GHz [GON 00]. These
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high performances are the result of many refinements, particularly to
reduce the dimensions of the optical window, the base-emitter and base-
collector junctions (in order to reduce their capacitances), as well as the
use of a base layer with a graded composition, in order to increase the
gain and speed.

Ti/A - 1,550
i/Au e L, nm

N Emit:G %

k) E InP:n ¥

Base InGaAs:p+

Y Collector InGaAs:n

—_— P —

Subcollector InGaAs:nt

Subcollector InP:n*

Substrate InP:Fe

Figure 4.18. Vertical structure of a phototransistor based on InP/InGaAs
on a semi-insulating substrate of InP doped with Fe

Figure 4.19 shows the response coefficient of the phototransistor in
its two modes of operation, transistor (Tr Mode) and photodiode (PIN
mode), as a function of the modulation frequency of light. The
response coefficient (R) is expressed in dB, R (dB) = 20 log S, with S
expressed in A/W. The PIN mode corresponds with the
phototransistor operating as a photodiode (Vzg = 0V) and the Tr mode
operating with the transistor effect (V3 > 0V). As discussed in section
4.3.2, the optical gain G,,;, expressed in dB, is equal to the difference
between the response coefficient in the Tr mode and that of the PIN
mode. The response coefficient in the PIN mode, S, is 0.25 A/W.
This response coefficient Sy has been increased to 0.44 A/W in
another phototransistor, while maintaining an equivalent optical gain
(32 dB). However, as predicted by equation [4.18], the transition
frequency drops to 56 GHz [THU 99a].
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Figure 4.19. Frequency response of an InP/InGaAs photodiode.
The response coefficient (photoresponse) is expressed in dB

Monolithic photoreceiver circuits for wideband amplification
involving photo-HBTs and HBTs have been constructed. The
amplifier circuit proposed and built by [KAM 00] exhibits a
bandwidth of 40 GHz. The circuit diagram is shown in Figure 4.20.
The circuit consists of a phototransistor and two HBT transistors. The
two types of device have a double heterojunction and use the same
epitaxial layers.

v Bl [DH P’[}

g\l; Vg, (DHBT)

Figure 4.20. Monolithic circuit diagram for wideband amplification consisting of a
phototransistor and two double heterojunction transistors, using InP technology
[KAM 00]. The structure of the epitaxial layers is the same for the two devices
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4.5.2.2. InP/InGaAs phototransistors as an optoelectrical mixer

The optoelectrical mixing transistor can be used in mixed
radio/fiber network access, or in satellite communications, to achieve
frequency conversion (up- or down-conversion). It can also be used in
high bitrate communication systems as an integral part of timing-
signal extraction circuits. Suematsu et al. [SUE 96] were among the
first to use a photo-HBT based on GaAs, to achieve conversion from
the modulation frequency of the light at 2 GHz to a frequency band at
50 GHz. Later, other investigations were reported [GON 98, GON 00],
using InP/InGaAs technology, to achieve conversion from an
intermediate frequency (<2 GHz) to frequency bands at 30 and 40
GHz. An example of an experimental setup used to achieve this high
frequency conversion is shown in Figure 4.21. The light emitted by a
laser source at 1.55 pum is amplitude modulated at an intermediate
frequency IF (via an external EOM modulator) in the frequency range
of 200 MHz to 2 GHz. The modulated optical signal is injected into
the optical window of the phototransistor via a single-mode optical
fiber. The base contact is connected to a local oscillator LO at a
frequency of 30 GHz. After demodulation of the optical signal, the
phototransistor mixes the OL and [F signals and the result is
visualized with the help of a spectrum analyzer.

Figure 4.22 shows the output electrical powers of the /F signal (in
PIN mode) and the mixed signal OL + [F, as a function of the IF
frequency. The conversion gain, using the definition given in [4.32], is
the ratio of the output power of the LO + IF signal to that of the IF
signal detected in PIN mode. In the frequency range of IF, from 0.2 to
2 GHz, the conversion gain for the LO + [IF signal is relatively
constant, of the order of 7 dB. This positive conversion gain is high
because of the direct amplification of the mixed signal by the
phototransistor.
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Figure 4.21. Experimental setup for up-conversion from the intermediate
frequency IF to a band at 30 GHz, using the HPT as an O/E mixer
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Figure 4.22. Conversion gain for the IF signal transposed to a frequency
of 30 + IF GHz, using the InP/InGaAs phototransistor as an O/E mixer

4.6. Conclusion

In this chapter we have covered the main characteristics of the
bipolar phototransistor. We have also presented its applications in the
field of galvanic isolation for silicon phototransistors, and in the field
of optical telecommunications for InP/InGaAs heterojunction
phototransistors. The study of monolithic circuits incorporating
InP/InGaAs phototransistors, and providing more complex functions
such as optical-electrical mixing and auto-oscillation, is the particular
aim of research intended to exploit the synergy between photonics and
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microwaves, with the goal of meeting the ever-growing requirements
in sensitivity, speed and functionality of photodetectors.
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Chapter 5

Metal-Semiconductor-Metal
Photodiodes

5.1. Introduction

Among the different semiconductor photodetectors, the metal-
semiconductor-metal (MSM) photodiode has a special place. It is a
planar photodiode based on simple technology, it is easy to integrate,
but it has not, up to now, gained the interest of the large
telecommunication firms. Currently, to the best of our knowledge,
only one device for millimeter applications has been commercialized.
However, we will see that this photodetector is not without benefits,
and indeed has very specific properties linked to its interdigitated
structure. In this discussion, we will first consider the operation and
structure of this photodiode before discussing its different
characteristics: its response coefficient, dynamic behavior and noise.
We will conclude with integration possibilities for the device.

Chapter written by Joseph HARARI and Vincent MAGNIN.
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5.2. Operation and structure
5.2.1. Fundamentals

An MSM photodiode consists of two Schottky contacts on a
semiconductor. Because of this, with each contact having a current-
voltage characteristic /(V) similar to that of a traditional junction, the
MSM photodiode behaves like two diodes in series, facing in opposite
directions. Briefly, under bias, with one of the diodes necessarily
being reverse-biased, the dark current crossing the structure is weak
and, to the extent that the two Schottky contacts are identical, the
symmetry of the device gives rise to a symmetric global (V)
characteristic, with each half (positive or negative bias) corresponding
to the behavior of a reverse-biased metal-semiconductor junction.

Figure 5.1. MSM photodetector with its typical interdigitated structure.
Inset: current lines in the structure

If the bias voltage is sufficiently high, the region between the
electrodes is completely depleted and this produces an electric field.
The basic principle of this photodetector is that light is absorbed in a
semiconductor layer forming part of the depletion region, such that the
electron-hole pairs generated are separated under the effects of the
electric field, with each carrier then being directly collected by an
electrode. This effect, familiar in photodiodes, takes place in a planar
structure whose geometry is shown in Figure 5.1. In general, the
electrodes have an interdigitated shape, which allows the carriers to be
collected over a large semiconductor area while maintaining a short
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inter-electrode distance. If, for example, illumination is from above,
this allows carriers to be collected over the whole surface of the light
beam emitted by a fiber in the near field. The inset in Figure 5.1
shows the current lines between several fingers of the electrode, and
shows that, due to the planar structure, the deeper a carrier is
photogenerated in the material, the longer it will take to reach the
electrode. This leads to a very specific distribution of transit times for
the carriers. As with all photodiodes, an MSM photodetector under
illumination can be characterized by its response coefficient, its cutoff
frequency and its photodetection noise. However, before we consider
these different aspects, we will discuss the behavior of the device in
the dark.

Metal 1 | Semiconductor | Metal 2

¢|;‘. \ :Vh]
¢p|l \

Wi
a)
In1 s
b)

c)

Figure 5.2. Behavior of an MSM photodetector in the dark: a) band structure
in thermodynamic equilibrium, b) band structure under bias,
¢) corresponding electric field under bias
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Figure 5.2 shows the evolution of the band structure of an MSM
structure under bias. The two electrodes are assumed to be of different
metals, so that the band structure of each metal-semiconductor
junction differs. On each side, @, is the height of the barrier seen by
the electrons in the metal, ¢, is the height for holes and ¥} is the built-
in bias of each junction.

In thermodynamic equilibrium (see Figure 5.2a), the two depletion
regions depend on the doping of the semiconductor and the work
function which separates the Fermi level in the metal from the vacuum
level in the semiconductor. Since the semiconductor is normally
weakly doped, the carriers mostly cross the potential barriers through
thermoelectric effects [SZE 96], in other words only those carriers
with sufficient energy cross the barrier. The sum of all the currents
across the barriers is zero. Under bias, as shown in Figure 5.2b, the
situation is more complicated, with one of the junctions (number 1 in
this case) being reverse-biased (voltage V;), and the other being
forward-biased (voltage V). It is the current densities of electrons J,;
and J,;, and of holes J,; and J,, which determine the behavior [SZE
71]. If we ignore recombination in the region between the electrodes,
we have:

lean andJ

n pl—

J )2 [5.1]

These relationships show that the forward bias voltage of junction
2 is such that the current flowing across it is equal to the current
allowed across junction 1 in reverse. Under these conditions, it is the
height of the barrier ¢,; which determines the value of J,;; (and hence
Jn), and it is ¢,, which determines the value of J,, (and J,;). The
value of the total dark current thus depends on the heights of the
barriers, which are linked to the nature of the metal used for each
electrode. In parallel to this process, the depletion region of junction 1
expands, while that of junction 2 contracts slightly. Under these
conditions we can define two particular bias voltages which depend on
the structure of the MSM under consideration: the first is the total
depletion voltage V7p, which is reached when the depletion region of
the reverse-biased junction reaches that of the forward-biased junction,
that is, when:
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W, +W,=s [5.2]
where s is the inter-electrode distance.

The second is the flat band voltage Vg, reached when W, = s. The
electric field present in the inter-electrode region is thus only zero at
electrode 2 (the anode), and it is at a maximum at the other side (at the
cathode). Clearly, an MSM photodetector is only useful when the bias
voltage is greater than Vpp. If we assume a homogenous N-type
semiconductor, with doping level N, and permittivity &, we have:

:qus

V

B —V,+V, [5.3]

2-€

When the applied bias is increased, the electric field increases at
the cathode, which leads gradually to a breakdown process linked
either to shock ionization in the semiconductor material or to
tunneling through the potential barriers of the metal-semiconductor
barriers from band to band. All this leads to the typical current-voltage
characteristics displayed in Figure 5.3. For V < Vgp, the dark current
crossing the photodiode is weak and grows slowly with the bias, until
it reaches a saturation value which is maintained until breakdown,
which can be more or less gradual with voltage. If the two electrodes
are made of the same metal, the /(V) characteristics in the dark are, in
principle, symmetric with respect to the V=0 V axis. Generally, since
a photodetector must operate with a weak dark current, the best bias
conditions for a photodiode are:

—a bias voltage considerably below the breakdown voltage, in
order to limit the dark current (V' < V¢);

—an inter-electrode region that is completely depleted, with a
sufficiently high internal electric field so that the velocities of the
photogenerated charge carriers are in the saturation system (in any
case, V> Vip).

Of course, given the planar structure of the device, some elements
must be added to this general description.
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Figure 5.3. Typical current-voltage characteristics of an
MSM photodetector in the dark

The biasing of the semiconductor, using electrodes placed above it,
leads to a particular electric field distribution, as shown in Figure 5.4.
Initially, the field decreases with depth in the device, and then there
are local maxima in the electric field just under the edge of each
electrode (or each finger for an interdigitated structure). Consequently,
the breakdown of the device always begins at the edge of the electrode,
and a very high electric field may exist close to the electrodes, but the
field is weaker in the middle of the inter-electrode space and deep in
the photodetector. Finally, as the field is weaker deeper in the
structure, the carriers that are photogenerated deep in the structure not
only have a great distance to travel to reach the electrode (as we have
already seen in Figure 5.1), but also have a small drift speed, which
increases the transit delay and decreases the dynamic performance of
the photodetector. All this confirms that the optimal bias voltage of
such a device must be selected with care in order to obtain good
dynamic performances without degradation.
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Figure 5.4. Distribution of the modulus of the electric field in an MSM photodetector.
The applied bias is 4 V, and the values of the field are in kV/cm.
The semiconductor is weakly doped (Nd = 5 x 1 014 em=3 )

5.2.2. Materials used

5.2.2.1. Electrode composition

Since the composition of the electrodes has a direct influence on
the band structure of the photodetector due to the magnitudes of ¢,
Pp1, P2 and @, as shown in Figure 5.2, it will have an effect on the
dark current resulting from the thermoelectric effect. If we bias far
from the breakdown voltage, the phenomena limiting the dark current
are the thermoelectric passage of electrons across junction 1, and the
thermoelectric passage of holes across junction 2. The total dark
current is thus commonly written as:

¢p2 B A¢p2 )

900 =30)] oo o] 4L
P kT

kT

J= A:T2 -exp

{-eol)

[5.4]
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where 4, and Ap* are the Richardson constants associated with
electrons and holes, T is the absolute temperature, V' is the applied
voltage, ¢, and ¢@,, are the heights of the barriers seen by electrons

and holes respectively, corrected with the terms introduced by the
effects of the electric field. This results in [SZE 96]:

gk,
47Z£S

[5.5]

A¢nl,pZ =

where & is the permittivity of the semiconductor and £ , is the value
of the electric field at the metal-semiconductor junction. Greater
barrier heights thus minimize the dark current. If we assume that the
two electrodes are made of the same material, we have (see Figure
5.2):

by =E, 0, [5.6]

Simultaneously achieving maximum-height barriers for electrons
and holes requires us to choose the contact metal for which ¢, is as
close as possible to £,/2. Measurements of the dark current [ITO 86],

made for a gallium arsenide (GaAs) MSM photodetector for different
electrode metals, are presented in Table 5.1.

Electrode metal In WSi, | Al Ti Pt | Au

b, (eV) 0.65 0.75 0.8 0.82 0.84 0.9

Dark current (A) | 2.10-7 | 4.10°9 | 4.10-7 | 106 | 3.10°6 | 104
| |

Table 5.1. Dark current measured for Gads MSM photodetectors (Eq = 1.42 eV)
for different electrode metals and photodetectors with the same surface

Because of this, for this type of photodetector it is desirable to
decide on the cathode and anode at the fabrication stage, choosing a
metal with a high electron barrier ¢, for the first electrode and a high
@, barrier for the second. Under these conditions, the values of the
dark current are of the order of nano-amps, which are compatible with
all possible uses of the device.
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Clearly, all this assumes that no other effect, associated with
fabrication defects, surpasses the thermoelectric effect which is
normally the main cause of the dark current. This can occur if the
band structure is perturbed close to the metal-semiconductor junction.
In this case, a narrowing of the potential barrier favors the passage of
carriers through the tunnel effect, to the detriment of the
thermoelectric effect. The tunnel effect can be associated with the
presence of a native oxide layer at the interface, which leads to an
accumulation of electrons or holes; alternatively, the effect can be
assisted by trapping states present in the semiconductor material,
which create energy levels inside the bandgap. As a result, attention
must be paid to the epitaxy, the cleanliness of the semiconductor
surface before the metal deposition, and above all to the passivation of
the structure. In the case of a photodetector illuminated from above,
the dielectric layer used for this final operation can operate as an anti-
reflection coating.

5.2.2.2. Epitaxial structure

The epitaxial structure of an MSM is designed starting with the
absorbing layer, which itself depends on the wavelength to be
absorbed according to the basic law:

h-c

e >E, [5.7]

where h is the Planck constant and c is the speed of light. The
different materials already reported in this application are given in
Table 5.2 along with the substrate they are grown on (an asterisk
indicates growth with a lattice mismatch) and the associated
wavelengths.

Waves A<0.3 pum A<llpm |A<087pum | 1 <A< 1.6 um A>1.3um

2 ) Gay s3Ing 47 ;
Absorbant GaN, SiC Si AsGa As GaSb, HgCdTe
Substrate }3’:;"]‘{;:'“‘;: : Si AsGa InP | E:‘:&“’R:S‘:

Table 5.2. Absorbing materials already used to fabricate MSM photodetectors,
along with their growth substrate and their associated wavelengths
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As Figure 5.5 shows, around the absorption layer there are
normally two layers with a higher bandgap. The adaptation layer acts
to isolate the absorbing layer from the substrate during growth, and
the barrier layer acts to increase the potential barrier at the level of the
metal-semiconductor junction [BUR 91, WOH 97]. A barrier layer is
required, for example, when the absorbing material is N-type GalnAs,
on which the Schottky contacts are poor quality. Furthermore, to
improve the passage of carriers from the absorbing layer to the
electrodes, we also introduce one or more transition layers which
reduce the discrepancy in the band structure as seen by free carriers,
between the barrier layer and the absorbing layer [WAD 89, ZHA 96].
These very thin layers allow a gentle transition in the band structure
and prevent the accumulation of carriers in the upper part of the
absorbing layer under the electrodes. This accumulation leads to a
drop in the external quantum efficiency of the device, as a non-
negligible number of free carriers recombine while they are blocked at
the interface. It also simultaneously leads to an increase in the transit
time for charge carriers, which has an adverse effect on the frequency
response of the photodetector.

Electrode —
) s | IA_|

Barrier layer

Absorbing layer

Adaptation layer

Substrate

.\H___________________.-—-—-—'_-_"‘\

Figure 5.5. Typical epitaxial structure of an MSM photodetector.
The semiconductor is weakly doped (Nd = 5 x 1 014 em™3)

The thickness of the absorbing layer depends mostly on its
absorption coefficient because, as we will see, this directly influences
the response coefficient of the photodetector when it is illuminated
from above or below. The thickness of the adaptation layer is
normally greater than one micron, while that of the barrier layer is as
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thin as possible (<0.2 um in general). In some cases, for example, that
of a gallium arsenide MSM or a silicon MSM, the substrate and the
adaptation layer are also absorbing, but this requires the collection of
carriers photogenerated deep in the structure which, as we have
already seen, decreases the dynamic performance of the photodiode.
To avoid this problem, the adaptation layer of the GaAs MSM can be
made of non-absorbing AlGaAs matched to the lattice of the GaAs
substrate. In the case of silicon, SIMOX wafers are used, which have a
layer of silicon underneath.

5.3. Static and dynamic characteristics
5.3.1. Response coefficient

The response coefficient, which provides the photocurrent
generated per Watt of incident light (in units of A/W as a result),
initially depends on the mode of illumination. The photodetector can
be illuminated from above, across the interdigitated metallic structure,
from below or side-on, through an optical waveguide. The case of
lateral illumination must be treated on a case-by-case basis because
the response coefficient depends both on the optical coupling between
the waveguide and the detector, and between the fiber and the
waveguide. This requires a detailed study of the propagation of the
light in the multi-layer structure of the device. Illumination from
below is similar to illumination from above, apart from the absence of
electrodes to partially occlude the light entering the device; in addition,
the absorption associated with the substrate must be taken into account
if it is not thin and not perfectly transparent. The absorption
coefficient of the substrate is generally weak at the wavelengths under
consideration, but the thickness of the material to be crossed can be
sufficiently large to have an effect on the response coefficient.
[llumination from above is common. In this case, the response
coefficient is:

R=2L.5 [5.8]
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where ¢ is the electronic charge, 4 v the energy of a photon of the
incident light and 7 the quantum efficiency, which is itself given by:

S
n= (1R)-(STd)-[1exp(a-Wa) [5.9]
where R is the reflection coefficient at the surface of the device, s is
the distance between two fingers, d the width of a finger, & the
absorption coefficient and W, the thickness of the absorbing layer.
The ratio s/(s + d) introduces the shadowing effect of the electrodes
which is typical of this photodetector. In brief, the response coefficient
is directly linked to the characteristics of the absorbing layer and the

geometry of the interdigitated electrodes.

As far as the characteristics of the absorbing layer are concerned,
in the case of a semi-infinite layer, the absorption coefficient must be
sufficiently high so that all the carriers are photogenerated in the
depletion region. This is the case for GalnAs at wavelengths of 1.3
and 1.55 pm, and for GaAs around 0.8 pm. In contrast, for silicon, the
absorption coefficient at 0.8 pum is of the order of 10 um!. This
reduces the quantum efficiency of the photodetector and causes a
reduction in the bandwidth, because at least some of the carriers
photogenerated far from the depletion region reach it through
diffusion, which is much slower here than the transport under the
effects of the electric field. This clearly depends on the inter-electrode
distance, as we will see. Finally, we can see that optimizing the
transport of the carriers across the planar structure implies a
relationship between the thickness W, of the absorbing region and the
inter-electrode distance s.

If we now consider the geometry of the electrodes, we find that
attempts to reduce the shadowing effect leads to two approaches. The
first consists of using opaque electrodes while reducing the finger
width relative to the inter-electrode distance. However, this increases
the resistance of the finger, which has a detrimental effect on the
bandwidth. Measurements made on electrodes deposited on silica
show that the effective resistance of a metallic finger is greater than
that which would be calculated based on the volume of the material.
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This effect is more important the narrower the finger, importance
being obtained at around 0.1 pm. This may be due to metallic
limitations that the structure places on electron transport becoming
important. In any case, for fingers made of titanium (150 A) and gold
(350 A), and of width 0.06 pm, the measured resistance is around 80
Q/um instead of 11 Q/um for d = 0.5 pm. This gives an idea of the
sizes to be considered when designing the electrodes. As a result, s
and d normally take similar values, within the range d <s < 4d. The
second approach consists of research into electrodes made of
transparent materials. Several possibilities exist, notably thin layers of
gold [MAT 96] and doped oxides: indium tin oxide (ITO) or cadmium
tin oxide (CTO). In each case, there is a tradeoff between the
transparency at the wavelength under consideration and the resistance
of the material. For example, doped ITO is remarkably transparent at
short wavelengths (4 < 0.85 pm), but it requires a compromise
between resistance and transparency at longer wavelengths as doping
reduces its transparency [GAO 94, SEO 93]. The same is true for CTO.
In any case, an optical transmission of 100% cannot be achieved at
long wavelengths. Furthermore, attention must be paid to the
conditions of the deposition, which for the oxides is normally through
sputtering, which does not favor particularly good characteristics of
the electrode-semiconductor interface. In short, while the response
coefficient is an absolute priority, the deposition of transparent
electrodes clearly reduces the shadowing effect, but it is not without
consequences in terms of the dynamic behavior of the photodetector.
Firstly, it leads to an increase in the finger resistance, the
consequences of which can be seen in the equivalent circuit of the
MSM in the dynamic system. Also, the electric field diagram (Figure
5.4) shows that this is weak in the medium under each finger. The
drift velocity of the photocarriers will therefore be weak at these
points. As a result, the electrons photogenerated just under the
transparent cathode, and the holes photogenerated under the anode,
will take a long time to reach the opposite electrode. Not only is their
drift velocity low as they travel through areas of weak field, but they
also have a long way to travel (see Figure 5.1). Thus, transparent
electrodes increase the mean transit time and decrease the bandwidth.
A similar effect on the mean transit time is seen when the device is
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illuminated from below. In this case, the majority of the carriers are
photogenerated in the lower part of the absorbing layer, as much
underneath the fingers as between them. Since this is a region of weak
electric field, this also leads to a longer mean transit time.

Still on the subject of the electrode geometry, a property that
cannot be ignored in the case of illumination from above is the
transparency of the network of fingers when its period p (p = d + s)
becomes smaller than the wavelength of light. Then we observe
typical optical behavior which is more complicated than a simple
shadowing effect. The few studies carried out on this subject [KUT
94] show that the transmission of light through the metallic network
depends on the ratios of A/p and A/d, on the finger thickness, on the
refractive index ng of the semiconductor, and on whether the optical
polarization is parallel or perpendicular to the direction of the fingers.
It is higher in the perpendicular case than in the parallel case, where
only a few percent of the optical energy reaches the semiconductor.
Furthermore, it is a minimum for A/p = 1 and A/p = n,. The finger
thickness becomes relevant when it is close to its width. All these
complex properties, which must be modeled on a case-by-case basis,
are sharp enough to make it possible to built a wavelength
discriminator using two parallel MSMs with slightly different periods,
illuminated from the same beam and measuring the ratio of the
photocurrents [CHE 97].

Electrode
NI ——
GdnAs N-
GdnAsP N+ (adaptation)
InP N+
GanAsP N* (waveguide core)

InP N* Substrate

s S

Figure 5.6. Example of the epitaxial structure of an MSM photodetector
on top of an optical waveguide
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In order to understand all the modes of illumination, we will now
consider the case of lateral illumination. The electrode structure of the
MSM is particularly favorable to the injection of light through an
optical waveguide [SOO 88, VIN 89]. Indeed, the direct lateral
illumination, for which absorption occurs in the first few microns after
the cut face, is difficult to achieve, as is the case for a PIN photodiode.
The example in Figure 5.6, of an MSM structure on top of a
waveguide, is based on an N-type InP/GalnAsP/InP optical waveguide,
the standard for this type of technology. The quaternary GalnAsP
layer (with bandgap E, = 1.05 €V), formed into a lattice on InP, is
what forms the guiding layer, with InP acting as the cladding.
Coupling with the photodetector occurs through evanescent waves.
Modeling of the optical propagation through such a structure (see
Figure 5.7) shows how the injected beam couples with the absorbing
layer through the intermediary of the thin quaternary adaptation layer
whose characteristics (thickness and composition) determine the
absorbed wavelength. Of course, the photocarriers are still generated
in the lower part of the absorbing layer, but the thickness of this layer
can be selected to be quite thin without significantly reducing the
quantum efficiency. For a fixed adaptation layer, the effect of the
thickness of GalnAs on the internal quantum efficiency (see Figure
5.8) shows that, for TE and TM optical polarizations at a wavelength
of 1.55 um, a certain number of optimum cases exist, even for small
thicknesses.

At a conceptual level, to achieve the shortest possible absorption
length, it is necessary to carefully choose both the thickness of the
adaptation layer and that of the absorbing layer. The response
coefficient is:

R=(1-R)K-L [5.10]

hv " "finternal

where NMinema 18 the internal quantum efficiency determined by the
epitaxial structure, R is the reflection coefficient at the entrance of the
waveguide and K is the coupling coefficient between the beam leaving
the optical fiber and the semiconductor waveguide. The internal
quantum efficiency can only be calculated through detailed modeling
of the optical transport in the material structure of the
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photodetector/waveguide. The dynamic behavior of such a structure is
comparable to that seen with illumination from below; however, the
thin width of the absorbing layer allows a short transit time to be
retained. Thus, this type of structure allows a high response coefficient
to be combined with a small absorber thickness.

Absorbing layer

;,_
\ - Quaternary adaptation layer

‘ AllnAs N- 0.6 um
Injection into Evarieccat Absorber GalnAs N- 0.5 pm
the waveguide coupling | Adaptation | GalnAsP (1.05 eV) N- 0.2 um
Cladding InP N- 0.4 pm
Core GalnAsP (1.05 eV) N- 0.2 pm

Cladding Substrate InP S.1. Semi-infinite

Figure 5.7. Propagation and absorption of light in a MSM
on a waveguide with evanescent coupling
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Figure 5.8. Evolution of the quantum efficiency of the detector/waveguide
as a function of the thickness of the absorbing material
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To conclude, we will discuss all the internal electronic effects in
the device which affect the response coefficient. Typically, this is
reduced under the effect of recombination and increases with internal
gain. Recombination occurs either at the surface of the semiconductor
between to fingers or at the interface between two epitaxial layers,
wherever there is a potential barrier associated with the transition
between different materials, which blocks the transport of carriers and
leads to their accumulation. In the first case, careful passivation of the
surface of the photodetector eliminates the problem. The second case
is relevant when a barrier layer is introduced to improve the quality of
the contact with the electrode. A transition layer between the absorber
and the barrier is thus required, made of an epitaxial layer with
variable bandgap or even a super-lattice [WAD 89, ZHA 96].

There are many effects which lead to gain [KLI 94]. They mostly
consist of two types: those connected with the trapping of carriers,
which operate at low frequencies (below a few tens of megahertz), and
shock ionization close to the edges of the fingers, whose cutoff
frequency is higher, as can be seen in the case of avalanche
photodiodes. In the case of trapping, the gain effect is due to a
photocarrier becoming trapped in the semiconductor for a time 7,
greater than the inter-electrode transit time zp which triggers the
injection of additional carriers in order to maintain electrical neutrality.
As long as this carrier remains trapped, a carrier with the opposite
charge will cross the device to provide electrical compensation for it.
The gain is then given by:

T
» [5.11]

trapping =
7.
T

This trapping can occur at the surface of the semiconductor, as in
the case of GaAs photoconductors, or at the interface between two
epitaxial layers. When it occurs at the surface, the holes are mostly
trapped close to the cathode and electrons trapped close to the anode,
this creates an asymmetric charge distribution. Hetero-interface
trapping is associated with epitaxial growth defects, and normally a
barrier layer is used to eliminate surface effects. Generally, attempts
are made to limit both recombination and trapping in order to obtain a
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photodetector with constant dynamic behavior up to the high cutoff
frequency, while ensuring a good reliability.

5.3.2. Dynamic behavior

As with all photodetectors, the dynamic behavior of MSMs is
determined by their capacitance and their input and output resistances,
in other words their equivalent electric circuit under modulated
electric power, and the transit time of the photocarriers. The
equivalent small-signal circuit (see Figure 5.9) shows:

— the intrinsic capacitance Cpp and resistance Rpp of the device;

— the finger resistance Ry, the capacitance and the resistance of the
contact, Cconracr and Rconracts

— the connection wires with inductance Ly and capacitance Cy.

The finger resistance is given by:
L
R.=2-R -— 5.12

where R is the resistance per unit length of each finger, L the length
and N the number of fingers. In the equivalent circuit, R; is the load

resistance and we see how the finger resistance can, in some cases,
increase the time constant RC of the device. One of the important
terms is the intrinsic capacitance of the MSM. A standard analysis of
the planar structure [LIM 68] shows that:

Cpu=ﬁ'€o'(l+%)'% [5.13]

where A is the surface area of the active region, & and & are the
vacuum and relative permittivities, and finally:

74 landk'=V1-&2
4~(d—|—s)

with k = tan®

7/2 do
K(k): 'j:) 1[l—k2 sin” ((0)
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The calculation shows two details connected to the interdigitated
planar structure of the MSM. Firstly, the capacitance of the device
falls when the ratio s/d increases; the decrease in the shadow effect is
thus inextricably linked to the capacitance of the photodetector.
Secondly, for a photosensitive surface and an identical mean transit
time, the capacitance of the MSM is 3 to 4 times weaker than that of a
PIN photodiode. This aspect favors the MSM for high modulation
frequencies (millimeter wavelengths), where the size of the devices is
very small.

Typical values for the equivalent circuit can be given as a guide.
The capacitance of the MSM lies between 10 and 1000 fF, its
resistance between 1 and 100 Q, and the capacitance of the contact is
a significant parasitic element, generally less than 100 fF (and in all
cases less than Cpp). Finally, the connection wires have an auto-
inductance of the order of 10 pH and a capacitance of a few fF linking
them to the body of the device. If we ignore all the parasitic elements,
that is to say the connection wire, the capacitance of the contact, and
the finger resistance, we find a standard time constant: R;Cpp. The
cutoff frequency associated with the capacitance effects is thus given
by:

1
Jeara = 2 7-RC,, [5.14]

Now turning to the transit time, a thin, two-dimensional physical
model is required to account for the effects of the geometry of the
electrode, the thickness of the absorbing layer, of the hetero-interfaces
to be crossed, and of the electric field distribution produced by the
bias voltage [ASH 95].

Nevertheless, a number of rules allow us to evaluate the cutoff
linked to the transit time of the carriers. Firstly, the presence of high
electric field areas just at the edges of a finger mean that it is difficult
to appropriately bias a device with a large inter-electrode distance (s >
3 wm). What happens in this case is that a local electric field is
reached which is above the breakdown voltage, while the field in the
middle of the inter-electrode space is still too weak to give the
photocarriers their saturation velocity. This effect, visible in Figure



174 Optoelectronic Sensors

5.4, is more serious for holes, as they move more slowly than
electrons. Even for small inter-electrode distances, the variation of the
field in the device must be taken into account. The bias voltage is thus
an important parameter that must be adjusted to limit the mean transit
time while avoiding breakdown.

Intrinsic Photodetector Connection
AT AA— Y Y
RD F’?f‘LC‘T L-'

b —— . = 3
@ Go L% G| o>

Figure 5.9. Equivalent circuit for an MSM photodetector in the case of a small signal

Secondly, the distribution of the current lines in the device favors a
certain ratio between the thickness of the absorbing layer and the
inter-electrode distance. The effect of transit time is smallest when
this value is close to 2 (W,/s = 2). If this is achieved, the mean transit
time in the structure is:

N

=5 [5.15]

2 ’ vsat

where vy, is the saturation velocity of the carriers (we will take the
same velocity for holes as for electrons), s is the inter-electrode
distance and O accounts for the effects of the planar structure (1 < 6 <
2). The saturation velocity used is taken as equal to that of the holes
for the most pessimistic results. The cutoff frequency associated with
the transit time is thus given by:

£ = [5.16]

The cutoff frequency of the MSM photodiode under these
conditions is:
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f=

1/2
1 +i2] [5.17]
Teaea  J7

An increase in the inter-electrode distance will decrease the

capacitance and increase the transit time. For every structure, then,
there is a compromise to be made.

5.3.3. Noise

The different sources of noise in MSMs, as in other photodetectors,
are thermal noise, 1/f* noise and shot noise. Thermal noise is linked to
the variations in energy of the carriers in resistive regions. It is
independent of frequency and its spectral density is linked to the
absolute temperature 7 and the resistance R by:

<;~;H>:‘”‘7T (in 42/ 1) [5.18]

The 1/f“ noise is associated with all the random generation and
recombination effects in the semiconductor material. These effects are
themselves linked to the different imperfections, in terms of
irregularities in the structure of the crystal lattice or in terms of foreign
atoms. This generates a specific noise whose spectral power density
varies as 1/f% where o is normally close to 1. This spectral density is
often higher in horizontal transport devices, such as MSMs or field
effect transistors. Finally, the shot noise, familiar from PIN and
avalanche photodiodes, is linked to the photogeneration process and
the charge transport. Its spectral power density is:

(Zuor) =20 (Lo — Ly ) (0 4*/ 122 [5.19]

In principle, this is white noise, i.e. its spectral density is
independent of frequency; however, in practice it follows the
frequency response curve of the device, making it possible to obtain
the frequency response of a photodetector using a continuous signal,
by measuring the variation of its shot noise as a function of frequency.
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Having covered these items, we will now describe the variation of
the spectral noise density of the MSM photodetector in two situations:
in normal operating conditions and close to breakdown in the
conditions where a gain in the photocurrent, linked to the shock
ionization effect, is possible.

In general, if the finger and contact resistances are sufficiently low,
the thermal noise is much weaker than the shot noise, so that we can
ignore its effects. Under normal operating conditions [SOO 91, WAD
88], the 1/f¢ noise dominates for frequencies of the order of 1 to
10 MHz, after which it is the shot noise which dominates and which
must be considered when performing calculations for photoreceivers.
This shot noise increases with the dark current, which is why a low
dark current is desirable, normally below about 100 nano-amps.

However, as breakdown is approached [SCH 90], two changes are
observed. Firstly, the 1/f* noise increases, so much so that it
dominates for frequencies up to the order of 100 MHz; secondly, the
shot noise also increases, in association with the multiplication
process connected with shock ionization. The spectral density of the
noise becomes:

<i§HOT> =29 (IDARK - IPHO)- G’F (in Az/Hz)

where G is the gain, /pyy the primary photocurrent and F the noise
factor, which can be expressed as a function of the gain G, as is done
in the case of avalanche photodiodes: F' = G*. If, as is often the case,
the part linked to the dark current is negligible compared to the part
linked to the photocurrent, we have:

(Ryor ) =20 Loy G* * (in 42/ 1z )

However, values of x measured up to now for MSMs are somewhat
higher: between 1.5 and 3, which is not desirable. Due to these noise
characteristics, MSM photodetectors are not used close to breakdown.
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5.4. Integration possibilities and conclusion

The functionalities offered by MSM photodiodes are considerable.
It is with these photodetectors that the highest current cutoff
frequencies, above terahertz levels, have been achieved [CHO 92],
while maintaining an acceptable response coefficient. Of course, the
inter-electrode distance required for such a performance is small
(25 nm) and requires the use of an electronic mask, but this shows the
interest in a device whose main advantages are:

— a planar configuration of the electrodes allowing, in particular,
the integration of the photodiode into a coplanar microwave
transmission line;

—weakly doped active layers which remain consistent with
technologies based on semi-insulating substrates;

— a capacitance significantly below that of all other photodetectors
with equivalent transit time characteristics;

—electrode technologies allowing the dark current to be
minimized;

— a photodetection noise equal to that of a PIN photodiode.

These properties allow the MSM to be integrated without difficulty
into all integrated circuit technologies based on III-V materials,
whether on GaAs [BUR 91, HAR 88, ITO 84] or on InP [HOR 96],
with MESFET or HEMT transistors. In general, the weakly-doped
epitaxial structure of the detector is grown before the various layers
required to make the transistors and the metallic deposition of the
interdigitated electrode is the same as that of the transistor gates.

In conclusion, the optical properties of thin metallic lattices, which
are still poorly-understood, offer interesting and original characteristics,
even if the power limitations are more restrictive than those for PIN
photodiodes.
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Chapter 6

Ultraviolet Photodetectors

6.1. Introduction

The first mention of the existence of ultraviolet radiation was in
1801 when J.W. Ritter observed that certain types of chemical
reactions were accelerated by a radiation which was not visible to the
eye and whose wavelength was shorter than that of violet light. It was
quickly shown that this particular radiation was subject to the laws of
interference just like visible light (T. Young, 1804). Thus this
observation, along with various others, made it possible to establish at
the start of the 19" century that visible and ultraviolet radiation
exhibited the same electromagnetic properties, and differed only in
their wavelength.

We know today that ultraviolet radiation (UV) covers a wide
spectral range which extends from the limit of the visible, around
400 nm (3.1 eV) up to the X-ray boundary at 10 nm (124 eV) (see
Figure 6.1), covering a total spectral range which in terms of energy is
about 80 times as large as that of the visible spectrum. It is
traditionally divided into four categories:
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— UVA, covering wavelengths between 400 and 320 nm (from 3.1
to 3.87 eV);

— UVB, whose wavelengths range from 320 to 280 nm (from 3.87
to 4.43 eV);

— UVC, for wavelengths between 280 and 200 nm (from 4.43 to
6.20 eV);

— the far UV, for wavelengths between 200 and 10 nm (form 6.2 to
124 eV).

Due to its own radiation absorption properties, the terrestrial
atmosphere does not allow the free propagation of light with
wavelengths below 200 nm: as a result, the spectral end of the UV
between 200 and 10 nm cannot really propagate except in a vacuum,
and because of this it is often known as “vacuum UV” (we will use the
term VUV for the rest of the chapter when referring to this particular
spectral range).

y-rays X-rays Ultraviolet  Infrared Radio waves

- - - - —

Visible light
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Figure 6.1. Spectral ranges of the main types of electromagnetic radiation

The fields of application for UV detectors, of which there is a great
variety, mostly consist of:

— biological and chemical sensors: detection of ozone, pollutants
and biological agents;

— fire detection: fire alarms, detection of missile exhausts, flame
control;

— optical inter-satellite spatial communications: secure transmission
of data in space;
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—the calibration of emitters and UV imaging: instrumentation,
measurement of solar UV, astronomical research.

In general, photodetectors suited to these areas of application must
simultaneously possess a high response coefficient, a good linearity of
the photocurrent as a function of the incident optical power, a large
bandgap energy (in the case of semiconductors), a low level of noise
and a high degree of spectral selectivity. The level of importance and
the priority ascribed to these different requirements clearly depends on
the type of application intended. A high response speed can be
particularly useful in applications requiring rapid real-time processing
of the signal, such as UV imaging.

The sun represents the most important natural source of UV
radiation. It is therefore not surprising that most of the applications of
UV detectors are connected with the measurement of solar radiation.
The solar radiation spectrum is shown in Figure 6.2.
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Figure 6.2. Solar radiation spectrum. Inset: UVA and UVB solar irradiance,
outside the Earth’s atmosphere and at ground level
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For the vast majority of applications, it is helpful if the UV
photodetectors are not sensitive to visible and infrared radiation. They
basically operate as high-pass filters, and they are classed as visible blind
detectors for cutoff wavelengths between 400 and 280 nm, or solar blind,
assuming that the UVC radiation is blocked by atmospheric absorption
for cutoff wavelengths typically less than or equal to 280 nm. The visible
blind detectors are nowadays quite widely used for flame detection!, and
have potentially very promising growth possibilities for applications in
space to optical inter-satellite telecommunications, for UV wavelengths
below 280 nm which clearly cannot be detected at ground level. Outside
the Earth’s atmosphere, UV light represents 9% of the total luminous
power emitted by the Sun. The stratospheric ozone layer completely
absorbs the UVC part of the solar spectrum, and only allows UVA and
UVB to be transmitted to the ground after attenuation (see the inset in
Figure 6.2). It is generally considered that solar radiation of wavelengths
below 280 nm does not reach the surface of the Earth. UVA and B
radiation, on the other hand, are mostly responsible for the biological
effects of solar radiation, since they reach the ground (see Figure 6.3).
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Figure 6.3. Spectral dependence of the harmful effects of
UVA and UVB radiation on human health

1. The applications of flame detection mostly cover the following areas: fire detector
heads, forest fire detection systems, missile track detection systems, etc. Gas flames,
for example, have an emission peak in the UV around a wavelength of 320 nm.
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UVB radiation, being particularly energetic, is the direct cause of
sunburn and skin cancers, and it has also been shown more recently
that UVA radiation, although considered less dangerous, is able to
penetrate the skin and has enough ionizing power to cause deep
damage to living cells2. It has been found that UVA radiation can in
particular alter the genetic structure of cells and, thus, also produce a
carcinogenic effect comparable to that of UVB, particularly in the
case of prolonged or repeated exposure. This represents a clear threat
to human heath from UV radiation, but also allows it to play an
extremely useful role in a number of different fields. Among others,
UV radiations are involved in the synthesis of Vitamin D in the human
body, which means that a moderate amount of exposure to sunlight is
important for everybody, and the ionizing properties of these
radiations make them useful for the activation of numerous chemical
reactions, both organic and inorganic. Also, their bactericidal action
makes them useful for many types of biological cleaning and
sterilization procedures3. Finally, the ozone layer present in the upper
atmosphere is naturally regenerated through the conversion of oxygen
in the air into ozone, a reaction which is photo-assisted by UV
radiation.

On the other hand, the rapid depletion of the stratospheric ozone
layer, caused in particular by human activity4, and the resultant
increase in exposure of the Earth’s surface to UV radiation has raised
considerable concern among scientists and professionals interested in
health and the environment. This has recently driven a significant

2. This issue is particularly interesting since it has public health implications because
of the popularity of tanning salons with the general public.

3. The illumination of objects with high intensity UVB and C radiation can be used
for this, particularly in techniques for the preservation of perishable foodstuffs, the
sterilization of surgical instruments, etc. Housewives have also known since time
immemorial that the drying of washing in the sun in fair weather makes it healthier,
etc.

4. The emission of aerosols and gases containing fluoro-, chloro- and bromo-carbons
is largely responsible for this. Large-scale natural phenomena such as volcanic
eruptions also contribute in a manner which can be very significant. One of the most
significant “holes” in the ozone layer is currently situated above the continent of
Antarctica, but the effect is very widespread and nowadays has a global effect.
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increase in efforts to develop many specialized optoelectronic devices
which in particular allow the detection and measurement of solar UV
illumination. Thus, visible blind detectors have recently found a
growing number of applications in UVA and B monitoring systems
for the environmental study of ground-level solar illumination and UV
dosimetry in fields which are mostly connected with biology, medical
science or research into cosmetic products (the development of sun
creams or other products which modify the photosensitivity of human
skin to UV radiation, etc.). Personal solar dosimeters able to detect
direct or diffuse UV light are also currently available to the general
public for UVB dosimetry. The spectral response curve of these
sensors reproduces as closely as possible (as we will see later) the
erythema (sunburn) action spectrum on human skin.

There are a wide range of different UV photodetectors suitable for
all the different applications listed above. Traditionally,
photomultiplier tubes have always been used for UV detection and
their use is still widespread, particularly in laboratories. However,
they generally involve detection systems which are cumbersome,
expensive and fragile, although they offer a sensitivity which is
difficult to match with the other types of photodetectors applicable to
these ranges of wavelength. The increasing need for miniaturization
and reliability of these systems for the development of portable or
remote applications has naturally led to the development of UV
photodetectors based on semiconductors, whose active components
can be photoconductors, Schottky junction photodiodes, p-i-n
photodiodes, MSM photodiodes, phototransistors or avalanche
photodiodes.

The use of semiconductors for UV photodetection historically
began with the use of narrow bandgap materials such as silicon and
certain III-V materials (GaP, GaAsP, etc.) whose bandgaps are mostly
situated in the near-infrared (Si) or the red (GaAsP). In exceptional
cases they may be in the yellow, as in the specific case of GaP, which
represents their upper limit. The main drawback of silicon, and small
bandgap semiconductors in general, is that it is impossible to use them
directly for UV photodetection. Firstly, the direct exposure of such
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sensors to daylight clearly results in them being flooded with visible
wavelengths and sometimes even infrared, so that it is simply
impossible to extract information pertaining to the UV spectral
component from this white light. Also, the quantum efficiency of a
semiconductor photodetector (defined as the probability of electron-
hole creation by the absorption of an incident photon) is greatest for
energies above the bandgap of the material, but limited to a spectral
range relatively close to that value. For energies much higher than the
bandgap of materials, such as those that we are interested in for UV
light, part of the energy of the incident light is effectively lost through
heating of the semiconductor (excitation of vibration modes, or
phonons in the crystal lattice), so that the quantum efficiency of the
photodetector decreases in the short wavelength part of the optical
spectrum. The use of semiconductor materials with a small bandgap
energy for UV photodetection therefore rapidly drove the
development of filtering devices, which normally use layers of
selectively-absorbing material, and sometimes a phosphor-based high-
pass filter which absorbs the UV light and re-emits towards the
semiconductor photodetector a light whose spectral maximum is not
far from the bandgap of the semiconductor material being used [GOL
99]. It still needs to be joined on to detection systems that are
relatively complex and also expensive, whose behavior is also
increasingly liable to drift in the long term, due to aging of the filters,
resulting in a certain degree of performance loss.

A number of years ago, a new generation of UV photodetectors
appeared, made from semiconductor materials with large bandgaps
such as silicon carbide (SiC), diamond or gallium nitride (GaN) and
AlGaN alloys. Silicon carbide, whose bandgap at ambient temperature
(T =300 K) is 2.86 eV (6H-SiC), has allowed sensitive detection of
the spectral range in question. In particular, it has recently given rise
to industrial applications such as the construction of flame detectors
that are visible-blind, operating in the UVC range. The only issue is
that even here the use of high-pass optical filters is standard in order
to tune the photodetection system to the desired spectral window,
meaning that this only offers a partial solution to the problem.
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Thanks to the development of epitaxial crystal growth techniques,
the recent use of gallium nitride (GaN), and still more recently
aluminum gallium nitride (Al,Ga; 4N, with x being between 0 and 1),
has helped reduce the problems listed earlier, enabling the fabrication
of high performance and robust visible blind photodetectors. The
direct bandgap of AlyGa;_ N materials, whose size is an increasing
function of the concentration of aluminum, is found at ambient
temperature to extend from 3.42 eV (4 =362 nm) (x = 0) to 62 eV (A4
=200 nm) (x = 1). Thus, the spectral range that is covered includes in
particular the cutoff values for UVB (3.87 eV or A = 320 nm) and
UVC (4.43 eV or A =280 nm). It follows that it becomes possible to
fabricate UV photodetectors using these materials which are free from
any need for intermediate spectral filtering, opening up the possibility
of simplifying photodetection systems through miniaturization,
accompanied by an improved reliability of the devices. In addition, the
high chemical stability of GaN and Al,Ga; \N compounds,
comparable to that of SiC, means that these materials are also suitable
for use in the fabrication of photodetectors which are naturally
resistant to extreme operating conditions (high temperatures and high
values of inverse bias voltage in particular). Due to their direct
bandgap at all levels of aluminum, the optoelectronic properties of
Al,Ga; 4N alloys are also clearly superior to those of SiC, whose
indirect bandgap does not so strongly favor the effects associated with
photo-generation of carriers. For all these reasons, group III nitrides
therefore offer a technical solution for the future, as we will see
throughout the rest of this chapter, a solution which is at the same time
flexible, robust and very well-suited for all visible-blind or solar-blind
photodetection applications, because they allow relatively low-cost
fabrication of effective and reliable UV photodetectors suitable for all
the application windows listed above.

In this chapter, we will first introduce the UV-visible contrast and
UV detectors based on silicon and SiC. We will then describe in detail
several types of UV detectors based on nitrides: photoconductors,
Schottky photodiodes, MSM photodiodes, and p-i-n photodiodes. The
most sophisticated technological advances involved with the recent
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construction of avalanche photodiodes and phototransistors based on
nitrides are also briefly described>.

6.2. The UV-visible contrast

The absorption of light is the fundamental effect governing the
dependence of the spectral response of a photodetector as a function
of the energy of the incident photons. In direct-bandgap
semiconductors, we therefore observe a dramatic transition in the
value of the spectral response close to the bandgap of the
semiconductor material, dropping all at once to a very low value when
we drop below the bandgap. In the case of UV photodetectors,
assigning an arbitrary limit to the wavelength of visible light of
400nm, the UV-visible contrast is defined by the ratio
Rinax(A=AG)/R;(A=400 nm), where R;,,, is the maximum value of
the response coefficient at the wavelength Ag; of the bandgap and
R; (A=400nm) represents the value of the response coefficient at the
limit of visible light.

The UV-visible contrast is mostly limited by the two following
factors:

— the presence in the bandgap of the semiconductor of deep energy
states which are electrically and optically active. These originate in
particular from extended or localized defects in the crystal structure of
the semiconductor, but can also be attributed to the presence of deep
energy levels due to impurities, or deep levels caused by
imperfections in the surface of the semiconductor;

—in the case of Schottky junction photodetectors with semi-
transparent contacts, the effects of photo-emission of carriers by the
metal.

5. The work carried out by the authors on UV photodetectors, described in this
chapter, was carried out with the support of the European Community, under the
Environment and Climate grant number #ENV4-CT97-0539.



190  Optoelectronic Sensors

6.3. Si and SiC photodetectors for UV photodetection

Contemporary  semiconductor-based  commercial technical
solutions proposed for UV photodetection mostly rely on Si and SiC-
based technologies. Other applications, a little less widespread and
well-known, use other semiconductor compounds such as GaAs, GaP
and GaAsP. These are mainly used for Schottky barrier photodiodes.
This particular family of devices is in particular very well-suited for
the detection of VUV radiation, for which they offer a remarkable
stability of operation. It is also worth mentioning the recent
emergence of UV photodetectors based on diamond, which allows the
construction of photoconductors with a short cutoff wavelength (225
nm) with a UV/visible contrast of 106 [WHI 96]. Although diamond-
based devices are potentially very interesting and well-suited for UV
photodetection applications and the detection of high-energy particles,
due in particular to diamond’s very high resistance to the effects of
irradiation, the development of this last type of photodetector has
nevertheless been rather restricted by the current technical challenges
of achieving epitaxial films with adequate homogenity and
monocrystallinity: the best material obtained to date is a crystal
mosaic with grain boundaries which have a fairly strong mismatch
between one another. Clearly, this results in a high density of
electrically and optically active defects which reduces the
performance of the photoconductors, both in terms of response
coefficient and UV/visible contrast and in terms of response time.
Nevertheless, it is important to emphasize that UV photodetectors
based on thin epitaxial films of diamond have recently become
commercially available, which is the sign of a definite and growing
interest in these devices for UV photodetection and its applications
[MALI 00].

Next we will give, by way of illustration, a brief description of the
main families of Si and SiC-based photodetectors.
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6.3.1. UV photodiodes based on silicon

Silicon p-n junction photodiodes are currently by far the most
economical and widespread commercial solution for UV
photodetection. Silicon gives rise to low-cost detectors which are
suitable for the vast majority of UV detection applications across a
very wide spectral range extending from near-UV to VUV, and even
extends to the high-energy system of soft X-rays. However, the
general shape of their spectral response is not uniform, and in
particular it reaches into the infrared, silicon’s bandgap being 1.1 eV
at ambient temperature (300 K). As a result, their use in selective UV
photodetection applications requires, generally speaking, the use of
absorbing filters between the light source and the photodetector, in
order to select only the spectral window of direct interest. We note in
passing that this often significantly increases the cost of the final
detection system, the filters normally requiring complex technologies
which make them very expensive.

UV photodiodes based on silicon can be subdivided into two large
families: p-n junction photodiodes and metal-oxide-semiconductor
photodiodes with a charge inversion layer [GOL 99, RAZ 96]. The
first family of Si UV photodetectors comprises photodiodes whose p-n
junction is situated at a shallow depth below the surface (typically of
the order of 0.2 um), and which are covered with a thin layer of SiO,.
This insulating layer plays the double role of passivation of the
surface of the semiconductor and of antireflection coating. The depth
of the junction is an extremely important parameter, because
absorption of light is more superficial the more energy the photon has.
In the case of p-n junction photodiodes, it is desirable, in order to
optimize its behavior and obtain the maximum photocurrent, that as
many UV-photogenerated carriers as possible reach the junction
region without recombining. For the same reason, control of surface
recombination effects is of fundamental importance for silicon UV
photodetection. Detailed control and optimization of the Si/SiO,
interface properties makes it possible to reduce the density of surface
traps, while naturally producing an electric field at the surface of the
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silicon which limits, or even eliminates, recombination effects at the
interface.

The p-n junction UV photodiode with record performance was
initially developed by Korde et al. [CAN 89, KOR 87]. In order to
form the junction, these authors used phosphor (P) diffusion onto an
Si (p) substrate free from dislocations. A SiO, layer of thickness 60
nm was built on the surface of the device. Due to its thickness, this
layer absorbs all radiation of wavelengths below 120 nm, which
unfortunately makes this type of photodiode unusable in applications
involving the detection of high energy UV (VUV in particular).
Nevertheless, this type of photodiode is characterized in particular by
an internal quantum efficiency of 100% in the spectral range of 350-
600 nm. The internal quantum efficiency is greater than 1 in the short-
wavelength UV region (<350 nm), due to secondary impact ionization
effects: a high kinetic energy is imparted to the electron-hole pair
photogenerated by high-energy photons, and this is sufficient to create
other secondary electron-hole pairs through impacts with atoms in the
crystal lattice. On the other hand, the efficiency becomes less than 1
beyond a wavelength of 600 nm, because this long-wavelength light is
absorbed in the deeper layers of the material which are far from the p-
n junction, creating electron-hole pairs which are unable to reach the
junction since their diffusion lengths are too short. As a result, they
recombine in the volume of the semiconductor and do not contribute
to the photocurrent.

It is interesting to dwell for a moment on UV photodiodes with a p-
n junction designed for the detection of VUV up to an energy of
124 eV. Although the base structure of the p-n junction remains the
same as that which we have already described, conversely the oxide
layer present on the surface is much thinner than in other types of UV
Si photodiodes. Its characteristic thickness is in this case no larger
than 4-5 nm, making it a factor of 10 or 20 times smaller than that
normally found in more conventional applications. Transparent to
short wavelengths of light, its useful volume is on the other hand
reduced, in such a way that the possibilities for UV light and humidity
to create high densities of recombinant traps in the oxide (which is
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normally one of the main sources of aging in Si UV photodiodes) is
very significantly reduced compared to the normal situation. It follows
that the stability of operation of these devices is very good when they
are exposed to very high energy photons. The process of photo-
generation produces carriers with very high kinetic energies, which
multiply through secondary impact ionization. In the system of high
photon energies, the internal quantum efficiency # of Si VUV
photodiodes typically follows a linear variation as a function of the
energy E of the photon, which can be written: 7=E/3.63 [RAZ 96].
To give a better idea of the orders of magnitude, the internal quantum
efficiency of a Si VUV photodiode is typically of the order of 30, for a
photon energy of 124 eV. These photodiodes are commonly equipped
with a bandpass filter consisting of thin metallic layers, picking out
the 10-50 nm band (Al/C, Al/C/Sc, Ti, Sn, Ag, etc.) [RAZ 96].

Photodiodes with a charge inversion layer [GOL 99, RAZ 96] are
similar in their architecture to metal-oxide-semiconductor structures
used to build field effect transistors: they make use of effects
associated with the presence of the two-dimensional charge induced
through inversion at the Si/SiO, interface. Through the effects of the
energy band curvature in the semiconductor, a thin deposited layer of
silica on the surface of the Si (p) material leads to the creation of a
charge bilayer with the opposite sign to the doping of the volume,
which consists of electrons in the case we will describe. This very
localized accumulation of charge results in a high electric field being
established in the immediate vicinity of the semiconductor surface
which, in the case of UV photodetection, offers the particular
advantage that this is the exact region where the main absorption of
the high-energy incident light takes place. As a result, this
configuration is ideal for maximizing the quantum efficiency of the
photodiodes, something which is also helped by the effectively
complete absence of a “dead region” of recombination at the surface,
which tended to be found in the first generations of p-n junction UV
Si photodiodes. Si UV photodiodes with an inversion layer offer a
high quantum efficiency in the spectral band from 250-500 nm and a
cutoff wavelength of 120 nm, which is fundamentally linked to the
absorption of the UV light by the oxide layer above this wavelength. It
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should, however, be noted that the behavior of this type of photodiode
tends to change over time under UV illumination, since UV light has a
tendency to alter the surface oxide layer. Additionally, the range of
linearity of these photodetectors remains reduced compared to the
possibilities offered by p-n junction UV Si photodiodes, an effect
which seems to be mostly explained by the effects of the high
electrical resistance presented by the charge inversion bilayer at the
Si0,/Si interface.

6.3.2. SiC-based UV photodetectors

The best UV photodetectors based on 6H-SiC are p-n junction
photodiodes [RAZ 96]. The optimized structure consists of a layer of
SiC (n+) with a thickness between 0.2 and 0.3 pm, sitting on a SiC (p)
substrate. The doping levels are 5-10 x 1018 ¢cm=3 for SiC (n+) and
5-8 x 1017 e¢m3 for SiC (p). The structure is topped with a SiO,
passivation layer on the surface. An ohmic contact based on nickel is
present on the n+ side. The response coefficient of p-n SiC
photodiodes made in this way lies in the range from 0.15 to 0.175
A/W at a wavelength of 270 nm, which corresponds to an internal
quantum efficiency of 70 to 85%. At A = 200 nm, the response
coefficient of these same structures is typically 0.05 A/W. The
spectral response of these photodiodes contains a peak lying between
A =268 and A = 299 nm. The dark current of these devices is very
weak. A dark current value of 10-1! A for a reverse-bias of —1 V has
been measured for SiC photodiodes, at a temperature of 473 K [EDM
94].

Schottky junction 6H-SiC photodiodes are also currently being
developed, operating in the 200—400 nm spectral range [RAZ 96]. The
best performances have traditionally been obtained for Schottky
devices made from SiC (p). The height of the Schottky barrier is about
twice as large as that normally achieved for n-type SiC. In addition,
the diffusion length for electrons is significantly larger than that for
holes. Very low leakage currents can be obtained for Schottky diodes
made using SiC (p). Leakage currents below 1 pA are currently
measured for a reverse-bias of —10 V. However, Anikin ef al. [ANI
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92] report the fairly recent construction of a high quality Schottky
photodiode in SiC (n). In this the Schottky junction is made through
deposition of gold, which gives a Schottky barrier height in SiC which
is typically between 1.4 and 1.63 eV. The behavior of these
photodetectors is characterized by a very low leakage current, of the
order of 100 pA for a reverse-bias voltage of —100 to —170 V, and a
high value of the response coefficient, which reaches 150 mA/W at a
wavelength of 215 nm [RAZ 96].

As we have already emphasized, one of the interests in SiC-based
devices is their remarkable resilience under extreme operating
conditions. This is why only a very small deterioration in their
operational characteristics (spectral response and /(}) characteristics)
is seen when these photodetectors are used at high temperatures,
which can reach or even surpass 300°C without seeing a significant
degradation of the devices.

6.4. UV detectors based on III-V nitrides

Among the various families of materials suitable for UV
photodetection, I1I-V nitrides represent one of the most interesting and
flexible technical solutions at present. The first work in characterizing
the physical properties of polycrystalline gallium nitride (GaN) dates
back more than 30 years. The development of epitaxial techniques for
this material has for its part been held back for several decades,
mainly due to the poor suitability of the techniques used and the
absence of a substrate with a suitably matching lattice parameter,
which for a long time made the development of applications
impossible. Despite a strong lattice mismatch (it is 16% that of GaN)
and despite a strong difference in thermal expansion coefficient
compared to GaN, sapphire substrates are currently very widely
employed for the growth of thin layers of III-V nitrides and the
resultant applications, for which they are the substrate of choice.
Organometallic vapor phase epitaxy (OMVPE) and, more recently
introduced for nitride growth, molecular jet epitaxy with a plasma or
gas source (MJE) currently allow the growth of thin layers of GaN and
related compounds which, despite a high density of dislocations (of
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the order of 10° to 10'° cm=2 in GaN), exhibit structural, optical and
electrical properties on sapphire which are good enough to make them
suitable for many applications, mostly involving light-emitting diodes
at short emission wavelengths (from green to blue, and even into the
near-UV), blue lasers, field effect transistors and UV photodetectors.

6.4.1. Photoconductors

6.4.1.1. Spectral response

Photoconductors based on AlGaN typically consist of an epitaxial
layer of AlGaN on sapphire, doped with silicon, with a thickness of
1 pm, onto which two ohmic contacts are attached (see Figure 6.4).

The electrical bias circuit includes a DC voltage source connected
to the photoconductor, and the device is in series with a low-value
load resistance. The current induced in the device can be easily
deduced from measurement of the voltage drop across the load
resistance when the photoconductor is illuminated. Photoconductors
based on GaN and AlGaN have a gain under continuous illumination
which can reach 105-10° and which strongly depends on the incident
optical power. Its variation is a function which decreases in proportion
to P7over a range of five decades, with 0.5 < < 0.95, where P is the
incident optical power [MON 99a]. This behavior is independent of
the wavelength of the light. The value of yis a decreasing function of
the electrical resistance of the layer, and decreases with temperature.

Ohmic g R
HRtde Vg
contact "

Al,Ga; (N

Nucleation layer

Substrate

Figure 6.4. Diagram of a photoconductor based on Al,Ga|_.N(Si)
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The spectral response of photoconductors based on Al,Ga; N
exhibits a cutoff at 298 nm for x = 0.319 nm for x = 0.22 and 368 nm
for x = 0.35. The UV/visible contrast is significantly smaller than the
value obtained from a simple analysis based on the absorption
coefficient of these materials. The mechanism which explains the
variation of the spectral response of the photoconductor must
therefore involve more than just the optical absorption of the
semiconductor. In addition, a sub-linear dependence of the
photocurrent is observed as a function of the power of the incident
light. In the model developed by Garrido et al. [GAR 98], the
photoconductor’s response coefficient R; is the combination of two
terms, one due to the photogenerated free carriers, 4n, and the other
due to the modification by the light of the effective conducting cross-
section, AS. The response coefficient can be written:

V
R =21 Lste (g7 4 nas) [6.1]
l Popt Lf)opt

where ¢ is the elementary charge of the electron, 4, is the electron
mobility, L is the distance between the contacts, S is the conductive
cross-section, Vg is the bias voltage and #n is the concentration of free
carriers.

The transverse conduction cross-section in the model of Garrido et
al. is not the same as the geometric cross-section of the device, due to
the presence of space charge regions (SCRs) [HAN 98] around lattice
discontinuities (dislocations that reach the surface, grain boundaries
and interface). The absorption of light produces a reduction in these
depletion regions, leading to a modification of the conduction cross-
section. Given that An can be expressed in the form [RAZ 96]:

Pupt
A, =ngr hel [6.2]

where 7 is the quantum efficiency, g the photoconduction gain, 7 the
lifetime of the free carriers and hc/A the photon energy; by
substituting [6.2] into [6.1], it follows that:
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R = AL _ dVsh,
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[6.3]
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The spectral variation of the first term in this equation is given by
A.n(A). Since the quantum efficiency is a direct function of the
absorption, this first term leads to a significant UV/visible contrast.
However, experiments show that the dominant mechanism in these
photodetectors is represented by the second term of equation [6.3], in
other words, it depends strongly on the modification to the effective
transverse conduction cross-section. This mechanism can also explain
the high value of the spectral response for photon energies above the
bandgap energy: the energy levels responsible for the absorption of
light in the visible can originate either from point defects distributed
homogenously within the semiconductor, either dopants or vacancies,
or in extended defects associated with lattice discontinuities. If these
defects are electrically charged, they create a depletion region around
them, which reduces the effective conduction cross-section of the
device. Complete absorption of light through these defects can be
treated as negligible, so that their presence has little effect on the
absorption coefficient, and hence on the first term of equation [6.3].
However, their effect on the photoconduction spectral response is
large, since the electrical charge concentrated at these lattice
discontinuities is modified by the light, which alters the effective
transverse conduction cross-section.

6.4.1.2. Response time

AlGaN-based photoconductors display significant persistent
photoconductivity (PPC), effects. This means they have a very slow
transitory temporal response (several thousandths of a second) and a
non-exponential tail, which is consistent with the frequency
dependence of their spectral response [SHE 99].

The slow drop-off in the photocurrent can be explained by a model
based on the modulation of the transverse conduction cross-section
[MON 99a]. The curvature of the bands around defects and
dislocations leads to a spatial separation of electrons and holes, which
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can be the cause of the PPC. When the light is extinguished, the
electrons are inclined to recombine, but they must first cross the
potential barrier separating them from their recombination sites. The
height of this barrier depends on the charge present at the defect, so
that it will change over time as recombination occurs. Through this
mechanism, the SCR returns slowly to its original extent in the dark,
and as a result the resistance of the device also slowly returns, in a
non-exponential manner, towards its dark value. The dominant defect
type may be that associated with dislocations at the AlGaN-air
interface or the AlGaN-substrate interface [SHE 99]. However, it is
difficult to discriminate between these two regions, and their relative
significance will depend on the crystalline quality of the material.

Quantitatively, the temporal response of photoconductors can be
calculated in the following manner, if AQgy is the increase in charge at
the defects, connected to the variation in the width of the SCR, Axgcp.
AQss can be expressed in the form:

AQSS = gN gy = 2N pese, (¥, — ¥, ) [6.4]

where Np is the level of n-type doping, & and & are the relative
dielectric constant of the semiconductor and the vacuum permittivity
respectively, and %, and ¥; are the heights of the barrier around the
defect, in the dark and under illumination respectively. It follows that
the response coefficient of the photoconductor is given by:

A V.l
R =22 AQSS [6.5]
P I’
opt
where 4,,, 1s the optical surface area of the device.

In the dark, AQgg originates from the current crossing the potential
barriers around the defects. Including the thermionic emission current
Ju, as well as the tunneling current J,,,,,,,.;, it follows that:
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dQss
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[6.6]

tunnel

The thermionic and tunneling currents can be expressed respectively
in the following forms:

—q¥ av,,
J, =A*T?e 0lle 2211 6.7
o P\ P kr ‘ [6.7]
ZEy (¥y —V —q(¥, -V v
Jmmel:A*T2 00( 0 h>exp ( 0 ph) 1—exp 47 ph [6.8]
' kT qE ) kT
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with Egg= (h/47m).(Np/m*,) and Ey= coth(qEgy/kT). V,, is the voltage
induced by the light. The drop in voltage across the barrier is (1),
which can be expressed as:

Ly 2SS0
V)=, SgeaN [6.9]

To illustrate this, Figure 6.5 shows the temporal response of
AlGaN photoconductors, both measured, and calculated by numerical
solutions of equations [6.4] to [6.9].
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Figure 6.5. Decrease in the normalized photocurrent in Al 23Gag. 77N
photoconductors, along with numerical simulation using equations [6.4]—[6.10]
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Figure 6.6. Normalized spectral response of a photoconductor, measured at
different modulation frequencies of the incident optical signal.
The spectral response of a Schottky photodiode made from
the same batch is also shown for comparison

6.4.1.3. Effects of frequency modulation of the incident optical signal

The effect of frequency on the spectral response of
photoconductors is shown in Figure 6.6. When the frequency
increases, the SCRs associated with the defects do not have time to
respond. The result is that the cutoff slope becomes sharper and the
spectrum of the response coefficient tends to approach that of a
photovoltaic detector. As a result, the UV/visible contrast is much
better at higher frequencies. The mechanism at the root of the
response of III-V nitride-based photoconductors therefore makes them
of little interest for applications which requires speed or a high
UV/visible contrast.
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6.4.2. Schottky barrier photodiodes based on AlGaN

6.4.2.1. Electrical properties

Work published on Schottky barrier photodiodes involves planar or
vertical structures (Figure 6.7), which in theory both give extremely
similar operating characteristics. Although the vertical structure is
particularly interesting for the construction of fast devices with a high
response coefficient, the current limitations in III-V nitride
technologies (connected in particular with damage to the material
during the engraving of the mesa) result in a performance degradation,
particularly in terms of the bandwidth and the noise level.
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it I
n*AlGaN n-AlGaN
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Figure 6.7. Schematic diagram of AIGaN Schottky photodiodes in
(a) vertical and (b) planar configurations

Figure 6.8 shows the typical current-voltage (/-V) characteristics of
planar Schottky photodiodes. In GaN-based devices, the ideality factor
is of the order of 1.2, with a series resistance of 20-50 €2 and a leakage
resistance greater than 1 GQ. The leakage current increases as a
function of the fraction of aluminum, and the ideality factor also
increases and can reach values close to 4. Consequently, the measured
1-V characteristic of AlGaN-based diodes does not make it possible to
deduce precise and reliable information about the height of the
Schottky barrier, due to the high values of the ideality factor. The
variation of the capacitance as a function of the bias voltage leads to
barrier heights of 0.84 eV and 1.02 eV respectively for semi-
transparent Ni and Au contacts on GaN. The height of the barrier as a
function of the molar fraction of aluminum for Schottky diodes with
nickel and gold contacts is shown in Figure 6.9.
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Figure 6.8. Typical current-voltage characteristics for Schottky diodes
made of Al,Ga;_N on sapphire

6.4.2.2. Spectral response

In contrast to photoconductors, the photocurrent of Schottky
barrier devices depends linearly on the incident light power (inset in
Figure 6.10). This linearity is independent of the size of the diode, the
nature of the metal used to fabricate the Schottky diode and the
excitation wavelength, for values situated both above and below the
bandgap energy of the semiconductor. The decrease in the response
coefficient observed when the fraction x of aluminum increases results
from two effects. Firstly, at a constant quantum efficiency, the
response coefficient decreases at the shortest wavelengths. Also, the
penetration depth of the light is larger than the SCR, and so the
response coefficient depends on the diffusion length of the minority
charge carriers, which decreases with the concentration of aluminum.
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Figure 6.9. Variation of the height of the Schottky barrier
as a function of the molar fraction of Al

Figure 6.10 shows that the UV/visible contrast is more than three
orders of magnitude. The cutoff wavelength develops from 362 nm to
293 nm. The steepness of the cutoff slope of Schottky photodetectors
shows that the only limitation in the UV/visible contrast is that caused
by absorption by deep defects, in contrast to the results obtained for
photoconductors. The spectral response is flat for wavelengths smaller
than those of the bandgap, which is an advantage that Schottky
photodiodes have over other types of photodetectors, particularly p-n
junction photodetectors. Since the SCR lies just below the surface of
the semiconductor, there is no decrease in the quantum efficiency at
short wavelengths as is normally seen in p-n and p-i-n photodiodes,
where the photogenerated carriers must diffuse across the layer above
before reaching the SCR at the level of the junction. In junction
devices based on GaN, this problem is accentuated by the high density
of dopants required to achieve p-type conductivity, which results in a
very thin SCR and a material which has a very low mobility. From
this point of view, the choice of Schottky photodiodes based on
Al,Ga; 4N has more potential than p-n or p-i-n devices for
constructing wideband UV detectors.
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Figure 6.10. Normalized spectral response at ambient temperature of
Schottky photodiodes for different values of the molar fraction of Al.
Inset:: variation of the photocurrent as a
function of the incident light power

The maximum value of the response coefficient obtained in AlGaN
Schottky photodiodes is limited by the optical transmission of the
semi-transparent Schottky contact, and by the diffusion length L; of
the minority carriers in this material. For radiation with an energy
close to the bandgap of the semiconductor, a certain proportion of the
photons may cross the SCR without absorption and penetrate deep
into the volume of the material. In order to be collected, the electron-
hole pairs must therefore diffuse towards the SCR at the surface, and a
low value of L, results in a decrease in the response coefficient. L, is
a function of the mobility and the lifetime of the minority charge
carriers, and is an increasing function of the quality of the material. It
follows that the use of thick AlGaN layers (thickness greater than
1 um) is preferred because they allow a reduction in the density of
dislocations, and hence an increase in the diffusion length and the
response coefficient; it also results in a reduction of the dark current.
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6.4.2.3. Response time

The response time of these photodetectors is mainly limited by the
RC time constant of the device, where C is the sum of the internal
capacitance of the diode and the load capacitance, and R is the sum of
the load resistance and the series resistance of the device. Response
times around 50 nanoseconds are typical for diodes of diameters
between 200 and 300 pm. The capacitance of the depletion region is
given by the expression:

gN €€,
Cyep = A | 272570 6.10
SeK 2(%,+7) L6-10]

where A is the area of the Schottky contact, Np is the density of
dopants, & is the dielectric constant of the semiconductor, & is the
vacuum permittivity, ¥, is the height of the Schottky barrier seen
from the semiconductor side, and V is the bias voltage. Since the
series resistance does not depend on the bias voltage, the response
time of the device decreases in proportion to ( ¥ +1)-1/2.

For planar devices, Rg and Cgcg are proportional to (#Np)-! and
Npl/2 respectively, where u is the electronic mobility. The maximum
bandwidth of these devices is therefore proportional to uNpl/2. Since
the mobility increases as the doping level falls, there exists an
optimum doping level, of the order of 10!% c¢cm=3, for which the
response time is minimized. This effect is accentuated for AlGaN
alloys with high concentrations of aluminum, because of the difficulty
in achieving good quality ohmic contacts.

6.4.2.4. Noise and detectivity

The 1/f noise dominates at low frequencies. Its spectral noise
power density, S, satisfies the relationship:
10(
S =s, L;k [6.11]
A
where 14, is the dark current, fis the frequency, and s, y and « are
dimensionless parameters whose values are close to 1 and 2
respectively. As well as the 1/fnoise, the contribution of the shot noise
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must be included. The noise equivalent power (NEP) can therefore be
written in the form:

NEP — M [6.12]

where i, is the shot noise current, iris the 1//noise current and R; is
the response coefficient of the device. The value of <iy,2> is given
by:

()= 20l 4 -8 [6.13]

where Af is the bandwidth of the photodiode, and /,,,; represents the
dark current. NEPs of 8 pW/Hz!2 and 41 pW/Hz!2 have been
obtained for Schottky GaN/Au and Aljy,,Gag7sN/Au photodiodes
respectively, at a reverse-bias voltage of —2 V. The corresponding
detectivity values are 6.1 x 102 W-TH2¢m and 1.2 x 109 W-1Hz!/2
cm respectively.

6.4.2.5. Schottky barrier photodiodes made from GaN grown using
epitaxial lateral overgrowth (ELOG)

Despite these promising characteristics, heteroepitaxial growth of
GaN results in a high density of dislocations (~ 103-10° cm—3), which
limits the UV/visible contrast in GaN-based photodetectors. The
recent development of the technique of epitaxial lateral overgrowth
(ELOG) has reduced this density of dislocations by at least two orders
of magnitude [NAM 97, USU 97].

Schottky barrier photodiodes made with epitaxial GaN layers
grown using the ELOG technique offer an order of magnitude increase
in the UV/visible contrast compared to GaN-based devices grown on
sapphire using standard methods. The dark current, whose value lies
below 1 nA/cm?2 for a reverse-bias voltage of —1 V, is significantly
smaller than that of Schottky photodiodes based on GaN/sapphire. As
the response time of the device is limited by the time constant RC, the
weaker residual doping in these epitaxial layers makes it possible to
obtain bandwidths greater than 30 MHz, 12 MHz and 8 MHz for
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devices with diameters equal to 200 pm, 400 pm and 600 pm
respectively. A detectivity as high as 5 x 101! W-1Hz!/2 cm has been
measured for GaN ELOG photodiodes with a diameter of 400 um,
with a bias voltage of 3.4 V.

6.4.2.6. Application of AlGaN Schottky barrier photodetectors for the
simulation of the biological effects of UV light

UV radiation produces a wide range of biological effects [DEG 94,
MCK 87]:

— pigmentation: maximum effect at A = 360-400 nm;
— erythema (sunburn): maximum sensitivity at A <297 nm;

— synthesis of vitamins D2 and D3: A = 249 — 315 nm. Maximum
yield at 290 nm;

— damage to plants: A <317 nm;

— bactericidal action: 4 = 210-310 nm. Maximum effects at
254 nm;

— carcinogenic effects: UVB and UVC. Maximum at 310 nm;

—DNA damage: A < 320 nm. Effect grows rapidly as the
wavelength decreases.

Simple, accurate, reliable and low-cost devices are hence required
to evaluate the biological effects of UV radiation. UV detectors with a
wide spectral band have been developed to study the effects of UVA
and UVB on the skin [MCK 87]. Commercial UV dosimeters use
photodiodes with a small bandgap (Si, GaAs, GaP) combined with a
series of filters inserted into the path of the incident light. Muioz et al.
[MUN 00] showed that the spectral response of AlGaN Schottky
photodiodes can match the UVA and B erythema action spectrum,
with the appropriate selection of an appropriate molar fraction and
carefully selected growth conditions (Figure 6.11). In this way, the
response coefficients of these devices can give direct information on
the biological effects of UV light. For this application, AlGaN
photodetectors therefore offer a flexible solution with a low cost and
minimum footprint, since they require neither filters nor temperature
stabilization.
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Figure 6.11. Normalized spectral response of an AlGaN Schottky photodiode
compared with the sunburn action spectrum (international standard
set by the International Commission on lllumination (CIE))

6.4.3. MSM photodiodes

MSM photodiodes consist of two interdigitated Schottky contacts
deposited onto a planar surface (see Chapter 5). The main advantage
of these structures, based on AlGaN, is their ease of fabrication. The
typical structure of such an MSM diode involves two interdigitated
Ni-Au Schottky contacts deposited on an epitaxial layer of AlGaN,
not intentionally doped, of micron-scale thickness. Their dark current
is very weak and follows the thermionic emission model with a value
of the Richardson constant equal to 26 Acm2K-2 and a barrier height
of 1.04 eV for GaN.

Their spectral response is relatively flat above the bandgap, with a
steep cutoff slope which shifts towards shorter wavelengths as the
proportion of aluminum increases. The photocurrent varies in a quasi-
linear manner with the incident optical power. The UV-visible
contrast varies from around three orders of magnitude for the weakest
bias voltages (typically less than 5V) to four or five orders for the
highest bias voltages. This accentuation of the contrast with the bias
voltage can be explained by the appearance of a gain. At present, there
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is no satisfactory explanation available for the origin of this gain.
Despite the existence of this gain, the dynamic behavior of these
photodetectors is for the most part limited by the RC time constant and
the transit time of the photocarriers [MON 99c].

Their NEP lies between a few pW/Hz!? and a few tens of
pW/Hz!2 depending on the geometry of the device and the bias
voltage [MON 99b].

6.4.4. p-n and p-i-n photodiodes

The performance limitations of the first GaN p-n junction
photodiodes were mainly caused by a high resistivity of the p-type
layer, connected with difficulties associated with magnesium p doping,
and the high resistivity of the associated ohmic contact. Progress made
in understanding the growth conditions of the materials, and in the
technology of the ohmic contacts, then made it possible to make p-n
junction GaN photodiodes with a fast temporal response (response
time of the order of 100 ns) and a very low noise level. The
performance of these devices was further improved by the
introduction of a region that was not intentionally doped (p-i-n
photodiodes) and through the use of AlGaN/GaN heterostructures.
Arrays of heterostructure Alj,0GaggoN/GaN p-i-n photodiodes with
dimensions 32 x 32 and 128 x 128 pixels [BRO 00] have been made
with good performance in terms of their response coefficient and
detectivity. p-i-n photodiodes in Al,Ga;_ N, sometimes with high
levels of aluminum (up to 76% [SAN 00]), have also been described.
The optimization of these last devices is however limited by the
intrinsic difficulties in achieving a high level of p doping in
Al,Ga;_yN materials, which can only be made with difficulty to
exceed 1017 c¢cm3, and by the associated ohmic contact whose
resistivity remains high. The behavior of the device is thus doubly
penalized: firstly, the response time of a Al,Ga; N p-i-n
photodetector cannot be made small enough, because the series
resistance component due to the resistance of the electrical contacts
remains large, and the device also contributes a significant level of
noise associated with an ohmic contact of insufficient quality, which
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leads to detectivity values which are notably smaller than those that
can be obtained with p-n and p-i-n photodiodes based on GaN.

6.4.4.1. Static characteristics

In p-n and p-i-n photodiodes based on Al,Ga; «N, the linearity of
the photocurrent as a function of the incident light power extends over
a scale of more than five orders of magnitude [WAL 99]. The
response coefficient of p-n and p-i-n homojunction GaN photodiodes
typically lies in the range 0.10-0.15 A/W, which corresponds to
external quantum efficiencies of between 30 and 44%. These results
are improved by the use of a Al;Ga; 4N layer in the illuminated region
(which can be n- or p-doped), in order to avoid the loss of carriers
through diffusion. A response coefficient of 0.2 A/W at A = 365 nm
has been measured for a sapphire-Alj,3Gagy7,N(n)-GaN(i)-GaN(p)
heterostructure illuminated by the rear face through the sapphire
[YAN 98]. A maximum in the response coefficient of 57 mA/W was
reported at A = 287 nm, which corresponds to a quantum efficiency of
25% [PAR 99]. An increase in this coefficient is observed in all cases
as a function of the bias voltage [WAL 99]. This result confirms that
the sensitivity is limited by the diffusion length of the charge carriers.
As the bias voltage increases, the width of the SCR increases, such
that the carriers created through photo-ionization processes in the
regions further from the junction are collected.

A UV/visible contrast of more than four orders of magnitude is
observed for all these devices. The small diffusion length of the
carriers can affect the spectral response above the bandgap of p-i-n
photodiodes based on Al,Ga;_ N [XU 97]. The absorption coefficient
increases as the wavelength decreases, meaning that the absorption of
the light occurs closer to the surface. The result is that electron-hole
pairs are generated above the junction in the upper layer and must
diffuse to the junction in order to be collected. A short diffusion
length therefore leads to a decrease in the response coefficient for
shorter wavelengths, which is all the more marked when the surface
layers are thicker (of the order of 0.2 um). p-i-n detectors based on
group III nitrides are characterized by a sharp cutoff at long
wavelengths, whose energy value is very closely linked to the
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bandgap of the material forming the active region. For certain
applications, however, an additional cutoff wavelength is also required
at short wavelengths, defining a spectral window for UV detection. In
their theoretical study, Pulfrey and Nener [PUL 98] investigated the
possibility of using p-i-n Al,Ga;_,N/GaN heterostructures as bandpass
UV detectors, with a high energy cutoff wavelength at the bandgap of
Al,Ga;_N. In this case, the Al,Ga;_,N layer must be thick enough not
only to accentuate the absolute response peak, but also to act as an
integral high-pass filter. Devices equipped with a 1 pum thick
Aly 190GagggN layer [KRI 98] have demonstrated that it is possible to
achieve rejection on a level of more than two orders of magnitude in
the short wavelength region.

6.4.4.2. Response time

GaN-based p-n and p-i-n photodiodes have a temporal response
which is in general limited by the RC time constant, and show an
exponential fall in the photocurrent. Response times of the order of 25
nm have been measured with zero bias voltage on devices whose
optical surface area is 200 x 200 um? [OSI 97]. This response time
drops to 10 ns for a bias voltage of —6 V, which can be explained by a
reduction in the capacitance of the junction associated with the applied
voltage. Faster response times can be obtained with AlGaN/GaN
heterojunctions [XU 97]. However, the response time of these devices
is often non-exponential, with characteristic fall times that are more
complicated than a simple RC effect [CHE 95, VAN 97, WAL 98].
This behavior can be attributed to the presence of a defect in the
semiconductor, with an activation energy of 99 meV and a high
concentration (of the order of 108 ¢cm=3) which can probably be
explained by substituted magnesium atoms.

GaN p-i-n photodiodes with response times below 1 ns have been
constructed [CAR 99]. This result is obtained by increasing the
thickness of the “i” layer to 1 pm, which makes it possible to build a
device which has a low capacitance. In this case, the factor limiting
the temporal response is the transit time of the carriers. The only
drawback of this particular type of device is its low response
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coefficient, which is around 0.03 A/W. Such devices are of course
ideal for the detection of rapid signals.

6.4.4.3. Noise

Under illumination, the spectral density of noise under reverse-bias
is well described by the equation §,=2.q.1,, (shot noise). A very low
normalized noise equivalent power, of the order of 7 fW/Hz!2, has
been obtained in p-n junction photodiodes for a reverse-bias voltage of
—3 V [OSI 97]. Since these devices have an optical area of 200 x 200
um, their corresponding normalized detectivity is high, of the order of
3x1012 W-1Hz!2cm.

6.4.4.4. p-i-n photodiodes on laterally-grown GaN

Aly33Gag 77N p-i-n photodiodes on GaN have been built using
lateral growth, by means of a SiO, mask consisting of 35 pm
widebands with 5 pum openings [PAR 99]. Diode mesas, with
dimensions of 10 x 100 um?2, have been made in the regions of the
material corresponding to the “wings” of the lateral growth (outside
the coalescence region, and outside the openings in the SiO, mask).
Additional devices with mesa dimensions of 30 x 100 pm? have also
been built by way of comparison. These particular devices also cover
the coalescence region situated at the junction of the “wings” of lateral
growth. Finally, devices with a similar form with square 300 X
300 um? mesas have been made from GaN on standard sapphire. Low
dark current densities, of the order of 10 nA/cm?, have been measured
for the smallest devices lying on the “wings” of lateral growth. This
leakage current density is an order of magnitude smaller than that
measured for devices which include the coalescence regions, and more
than 6 orders of magnitude smaller than that of devices made from
GaN on standard sapphire. This low value of the leakage current can
be linked to the strong reduction in the density of dislocations, since
these defects lead to a strengthening of the transport mechanism,
assisted by the tunneling effect [YU 98b]. In addition, the spectral
response has a more abrupt cutoff in the case of devices built on the
“wings” of the growth, in a similar way both when the coalescence
region is covered and when it is not. All these responses are consistent
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with similar observations made for Schottky photodiodes made with
laterally-grown GaN [MON 99d].

6.4.4.5. Avalanche photodiodes based on GaN

The mechanism of avalanche photodiodes is analyzed in detail in
Chapter 3. The unusual requirement for GaN-based materials is that
very high fields are required to achieve multiplication, as calculations
of the ionization coefficients for electrons and holes in GaN show
[KOL 95, OGU 97]. Although a homogenous avalanche multiplication
of carriers has recently been shown for PIN photodiodes based on
GaN [MCI 00], with a response time between 100 and 500 ns, the
high density of defects in these materials makes it difficult to achieve
a homogenous multiplication across the whole active area of the
device. Also, to overcome the limitations in noise due to ionization
coefficients for electrons and holes that are too close together, Ruden
[RUD 99] proposed a hybrid structure consisting of an AlGaN/Si
heterostructure, with multiplication taking place in the silicon.

6.4.5. Phototransistors

The operation of phototransistors is described in Chapter 4. As far
as GaN-based devices are concerned, the literature refers to bipolar
and field effect transistors [KHA 95, YAN 98].

6.4.5.1. Bipolar phototransistors

In a bipolar transistor, the reverse-biased base-collector
junction acts like a p-n junction photodiode, and its photocurrent
is amplified by the transistor effect. In its most up to date
configuration, the base contact is not connected (floating-base
mode of operation). Yang et al. [YAN 98] report the fabrication of a
GaN(n)/GaN(p)/GaN(i)/Aly,0Gag goN(n) heterojunction phototransistor.
Electrical contacts were present on the collector and the emitter, and
the base was left floating. The UV light enters the device through the
sapphire substrate, crosses the Aly,0Gag goN(n) layer, and is absorbed
in the GaN(i) layer. The photogenerated electron-hole pairs are
separated by the electric field in the i region, and the electrons and
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holes travel to the collector and the base respectively. The
accumulation of holes in the floating base increases the injection of
electrons from the emitter, which results in a current gain. A gain of
more than 105 has been demonstrated.

GaN-based phototransistors exhibit a sub-linear behavior of the
photocurrent as a function of the incident light power as well as
showing persistent photoconductivity (PPC), analogous to that also
recently observed in photoconductors. In their normal operating
regime, holes ought to recombine in the base with electrons injected
from the emitter. However, the holes are trapped at defects which
reduces their recombination rate and leads to persistent charge effects.
Yang et al. [YAN 98] showed that this recombination is increased by
the application of a bias to the detector in order to force the holes to
enter the emitter. The voltage impulse acts as a sort of electrical “reset
to zero”.

In order to avoid persistent effects, the phototransistor is subjected
to a “reset to zero” voltage impulse before each measurement of the
response coefficient (a voltage between 7 and 10 V is used for this),
and the photocurrent is then measured at a bias voltage of 3 to 4 V.
The gain is strongly dependent on the frequency, so that the gain-
bandwidth product remains constant. An excellent UV/visible contrast
of 8 orders of magnitude was obtained [YAN 98].

6.4.5.2. Field effect phototransistors

AlGaN(n)/GaN(n)/GaN(i) heterostructure field effect transistors
have also been used in photodetection mode [KHA 95], with
illumination through the substrate (sapphire). The photogenerated
holes travel towards the channel, where they are rapidly drawn
towards the drain by the high electric field. These devices display high
response coefficients which can reach 3,000 A/W, with a steep cutoff
and a temporal response of the order of 200 ps.
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6.5. Conclusion

The development of visible blind ultraviolet photodetectors is at
present largely motivated by the large number of possible applications
in fields as diverse as UV astronomy, studies of the ozone layer, motor
control, missile plume detection, flame detection, secure
communications in space, etc. With these goals in mind,
photoconductors, Schottky photodiodes, MSM photodiodes, p-n and
p-i-n photodetectors and phototransistors based on Al,Ga;_(N
materials have been developed in recent years, complementing older
widely-available technologies for Si and SiC-based UV photodiodes.
It is important to emphasize that this range of nitride-based sensors is
currently bringing a new degree of improved flexibility to UV detector
fabrication in general, due mainly to the large bandgaps available with
Al,Ga;_4\N materials which make it possible to build detection
systems which are entirely free from intermediate spectral filters, with
performances that are at least equivalent in terms of reliability and
robustness to other currently-available technologies that are
themselves already very high performance.

AlyGa;_«N photoconductors offer a high internal gain at ambient
temperatures (~100 for P, = 1 W/m?). However, this gain is
associated with a sub-linear behavior as a function of the incident
optical power, a low UV/visible contrast and significant and
undesirable persistent photoconductivity effects. These drawbacks
make them less suitable for most applications. The use of a modulated
optical signal makes it possible to considerably improve the linearity
and UV/visible contrast. However, these photoconductors lose much
of their advantage in this configuration, above all because the
response coefficients of the devices is significantly reduced in such a
configuration, and the measurement system becomes much more
complex and as a result much more expensive.

Schottky photodiodes have the advantage of a uniform and flat
spectral response when they are excited at energies above the bandgap,
independent of the incident optical power and the temperature. They
also offer a steep cutoff slope, with a UV/visible contrast which is of
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the order of 103. Their temporal response is limited by the RC product,
with minimum response times typically of the order of nanoseconds.
This clearly demonstrates that these devices are suited to
environmental applications and the construction of UV photodetector
arrays.

MSM photodiodes with very low dark currents have been built.
These devices have a photocurrent which varies linearly as a function
of the incident light power and makes it possible to achieve a
UV/visible contrast of 10%. Given their significant bandwidth and their
low noise level, these devices can be a judicious choice to meet the
needs of detection in the domain of visible blind optical
communications. Furthermore, the possibility could be considered of
integrating Al,Ga;_\N MSM photodiodes with field effect transistors
based on group III nitrides in the context of the monolithic fabrication
of optical receivers.

p-n and p-i-n junction photodiodes are linear as a function of the
optical power, and can achieve a UV/visible contrast of 10*. However,
their response time is normally limited by effects associated with the
presence of trapping levels linked to magnesium, to which a degree of
degradation in the spectral response can also be attributed. The
minimum cutoff wavelength is currently limited by the difficulty of
achieving a high p doping in Al,Ga; 4N alloys at high concentrations
of aluminum. In spite of very promising published results,
improvements are still currently needed in the p doping of these
materials, in order to increase the performance of these devices, as
well as their reliability.

Phototransistors offer the combination of a very high gain with a
record UV/visible contrast of 108. As a result, these devices are
promising for applications requiring a high spectral resolution, in spite
of the narrowness of their bandwidth which makes them poorly-suited
to high-frequency operation.

To summarize, current results confirm that Al,Ga;_ 4N alloys are
the best choice in terms of semiconductors suited to UV
photodetection. However, the performance of these devices is still
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currently limited by the high density of defects present in the
heteroepitaxial layers. In consequence, very significant improvements
in photodetector devices are anticipated from work currently in
progress in the fields of epitaxial growth and the technology of group
III nitrides, such as the technique of lateral growth.
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Chapter 7

Noise in Photodiodes and
Photoreceiver Systems

In systems transmitting information by means of photons, the
recovery of a useful signal must necessarily involve an optical-
electrical (photon-electron) transformation. This transformation,
which makes use of an optoelectronic system, is, as with any system,
fundamentally limited by the background noise. The aim of this
chapter is to discuss the origin of this noise and also to study various
means of minimizing it in order to obtain the best signal-to-noise ratio,
a value which influences the quality of the optical detection. In section
7.1 we will recall the basics of signal analysis, leading to the
frequency analysis of the power of random signals. After recalling the
different sorts of noise associated with the most relevant physical
processes (sections7.2 and 7.3), in section 7.4 we will present the
main results concerned with the analysis of noisy electrical circuits.
Section 7.5 is dedicated to the study of noise in photodetectors, which
we choose to limit to PIN and avalanche photodiodes. Section 7.6
discusses the problems of background noise associated with a
photodiode-amplifier pair forming the photoreceiver, and lays out the
methods of obtaining the best signal-to-noise ratio. Finally, in order to
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illustrate these techniques, we present the complete background noise
calculation for a PIN-FET photoreceiver.

7.1. Mathematical tools for noise

Before discussing the treatment of random signals, we will recall a
summary of the treatment of known signals in an attempt to justify a
frequency approach as compared to a temporal approach for the
treatment of the power or the energy of random signals.

7.1.1. Known signals with finite energy or power

All systems are governed by a differential equation in the time
domain, and we will characterize them by their impulse response A(%).
The output signal s(¢) for an input signal i(f) can be calculated in the
time domain either by solving this differential equation or by
calculating the convolution of 4(?) with i(¢):

+00

sO)=i) 1 ()= [ e(r)h(t_r)dr:j‘oh(r)e(,_f)df [7.1]

[o¢]

The signal s(¢) has the same dimensions as i(f) which implies that
h(?) has the dimensions of inverse time. Thus, in the case of an R—C
circuit, the impulse response is:

h(t)z%exp[—é] ins ! [7.2]

In order to avoid calculating the convolution, we use Fourier
analysis which transforms the convolution in the time domain to a
simple product in the frequency domain, and we can recover the
original s(¢) through the inverse transform. On the other hand, if we
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want to analyze the same system from the point of view of energy or
power, where phase information no longer has any meaning, we will
then use the autocorrelation function Ry(7) of the signal. The
relationship between R;(7), the autocorrelation of the input signal, and
R(7), that of the output signal, is:

R (T): h*(—r)*h(r)*Re (T) [7.3]
where 4 *(7) is the complex conjugate of A(7).

This expression will only occasionally be used, given its double
convolution product. We will repeat this same analysis in terms of
frequency, using the concept of spectral density and the Wiener-
Khinchin theorem which shows that the spectral density G,(f) of a
signal x(?) is the Fourier transform of the autocorrelation R,(7) of x(¢)
such that:

G, (f)z T F .[Rx ('r)] = fo (’[)exp (—j27zfz')dr [7.4]
and its inverse
R (r)=T-F "G (/)= f G, (f)exp(j2zf7)df [7.5]

If we take 7 = 0, which is the maximum of the autocorrelation
function, R,(0) represents the energy or the power of the signal. We
find:

R, (0)= f G (f)ar [7.6]
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G(f) represents the energy or power distribution of the signal in
the frequency domain. We take the Fourier transform of equations
[7.1]to [7.3]:

FoT~[RS (Z'): h*(fr)*h(r)* Re(r)] [7.7]

which can be written as:

G,(f)=H(1)H*(f)ei (/) [7.8]

or:

G, ()=l (r) 6.(r) [7.9]
and which is much more easy to use than equation [7.3].

What we need to do now is to work out how to transfer what we
have already set out for deterministic signals to the random signals
which represent the sources of noise.

7.1.2. Random signals and background noise

In the case of random signals, we have no choice but to treat them
in terms of power or energy, and of course without any consideration
of their phase. As we did for the known signals in section 7.1.1, we
will use the autocorrelation function, the spectral power density and
the same Wiener-Khinchin theorem. This will lead us to define a class
of random signals which, fortunately for us, will cover the majority of
practical situations. This class is characterized by ergodicity and time-
stability.

DEFINITION OF ERGODICITY — The average resulting from many
simultaneous experiments is the same as that obtained by the temporal
mean across a single experiment.
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DEFINITION OF TIME STABILITY — In its strict sense, this means that
the mean value is independent of time and the autocorrelation function
only depends on 7=t; — t,.

In this case, we obtain for the random signal x(7):
R, (r)=E[x(t)x (- 7) [7.10]

where E is the expected value associated with the probability density
of the process under study (Poisson, Gaussian systems, etc.). Under
these conditions the autocorrelation function is practically analogous
to that for known signals which have the same properties. Now, using
this formalism, we can treat the random signals appearing in the
expression in terms of energy or power, and calculate the signal-to-
noise ratio which characterizes the receiving quality.

7.2. Fundamental noise sources

Here we are interested in noise generated by solid devices in
electronic circuits. As we have seen in section 7.1, we will remain in
the frequency domain in order to avoid convolving the input and
output autocorrelation functions. We will use the spectral densities as
our measurement of scale, and in order to recover a power or an
energy we will integrate these spectral densities over the useful
bandwidth. These spectral densities are expressed in A%2/Hz or V2/Hz.

7.2.1. Thermal noise

At the terminals of a metallic resistance of value R at temperature T’
in degrees Kelvin, the Brownian motion of electrons produces a
randomly-varying voltage w(f) at its open-circuit terminals, with a
mean value of zero. Bearing in mind the large number of electrons (of
the order of 1022 cm3), the voltage v(¢) obeys a centered Gaussian law.
For frequencies below the inverse of the mean time between two
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collisions (7. = 10712 s), the spectral density associated with this
random signal can be written in the basis of positive frequencies as:

S, (f)=4 kIR (VZ/HZ) [7.11]

where k is the Boltzmann constant (1.38 x 10-23 J.K-1). We note that
this spectral density is independent of the frequency (white noise).

7.2.2. Shot noise

Shot noise stems from the discrete nature of electrons and their
random emission and collection over time. Thus, it takes the form of a
random variable governed by the Poisson distribution law. Frequency
domain analysis of this process leads to a spectral noise current
density (short circuit current) of:

S,(f)=2q1 (Az/Hz) [7.12]

where ¢ is the elementary charge (¢ = 1.6 x 10-1° C). Here also we
find a white noise as long as we ignore the transit time of the carriers.
Shot noise is always encountered when the current is caused by
carriers emitted from a reservoir or across a potential energy barrier
greater than k7. This is the case for reverse-biased junctions. For PIN
photodiodes, for example, we have:

Sitotal (f): 2 q

I, —1 ] [7.13]

dark ~ * ph

where I, 1s the intrinsic dark current of the photodiode and 7, the
photocurrent due to absorbed photons and representing the useful
information. For modern devices, 14,4<< I,, and the noise is mainly
due to the photocurrent. In contrast, for detection of low light
intensities, the dark current will make a significant contribution to the
signal-to-noise ratio.
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7.2.3. Multiplication noise

In a similar way to vacuum photomultipliers, avalanche
photodiodes with internal gain are based on the process of
multiplication through the impact of carriers in the space charge
region of the photodiode. In the case of vacuum photomultipliers,
there is only one type of carrier: electrons locally multiplied from one
dynode to the next. If we ignore the multiplication inertia and the
transit time of the electrons, the noise generated by this
photomultiplier is amplified shot noise. The variance in the total
multiplication factor is:

—2
M*=M [7.14]
and for large enough M we have:

—2

S, (f)= 241, M [7.15]

where M is the mean value of the multiplication factor and Ly, is the
primary photocurrent. Setting:

M = total [7.16]
Ipha
we have:
-2 It%)tal
S, (f)="24 ,,M =24l 5,5 [7.17]

pho

in other words, we have a noise proportional to the total current
squared. In the case of semiconductor avalanche photodiodes, the
multiplication process involves both types of carrier across the whole
multiplication region, i.e. in the high electric field region in the space
charge region. Numerous theoretical approaches have been proposed
in the literature. To summarize these approaches, we recall that the
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two types of carrier are characterized by their ionization coefficient (in
cm!) o for electrons and £ for holes, and that these depend on the
physical characteristics of the semiconductor materials. The important

parameter is the ratio k:%. The ideal material would be one in

which only one of the two types of carrier could be ionized: either
electrons, in which case f= 0 and k = o, or holes, in which case =0
and k = 0. The noise characteristics would then approach that of a
vacuum photomultiplier.

For avalanche photodiodes, the expression for the spectral noise
density can be written in the general form:

S,(f)=2q1,,, M [7.18]
where x lies between 2 and 4.

Taking the noise of a vacuum photomultiplier as our reference, we
define the excess noise factor F as:

_2 M —x 2
Py
M M

in other words as the ratio of the variance of the multiplication process
in the semiconductor to the variance of the same process in the
vacuum tube. In the case of an initial injection of electrons, and for
values of k close to 1, we can approximate F (]T/[ ) by the expression:

F@)kﬂ+{zﬂ 1](1k)

[7.19]

[7.20]

In particular, for £ =1 (o= f), as in germanium for example, we
have F @): M and:
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s, (£)=2ql,,,M" [7.21]

1

For silicon avalanche photodiodes, «is 50 times larger than f. For
multiplication initiated by electrons, we arrive at the expression:

—22

S, (f)="24l,,,M [7.22]

which leads to an excess noise factor of:
—02
F (]T/[): M [7.23]

In the limiting case where only electrons are responsible for
multiplication (8 = 0), the spectral density must approach that of a
vacuum photomultiplier and:

F(M)= M =1 [7.24]

However, multiplication initiated by the less ionizing carriers is of
no practical interest. In this case, we find excess noise factors F(M) of

the order of ﬂz , which gives:
—2 —4
S, (£)=2al,, M F (M )=2q1,,, M [7.25]

These results are all depicted in Figure 7.1.

In order to achieve behavior for solid avalanche devices
approaching that of vacuum photomultipliers, several devices have
been conceived based on engineering of the band structure with the
help of heterojunctions. The aim was to obtain impact ionization by
electrons only. Despite the sophistication of the technologies used, the
results did not live up to the performances initially promised, because
the interfaces resulted in an additional 1/fnoise.
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Figure 7.1. Characteristic plots of the variations in the spectral noise density for
multiplication in avalanche photodiodes as a function of the multiplied current

7.3. Excess noise

In addition to the sources of white noise, there are two other
sources of noise which depend on frequency. These are generation-
recombination (GR) noise and scintillation noise, which is referred to
as the 1/fnoise. These two sources of noise are referred to together as
excess noise, as compared to the fundamental sources which are
thermal noise and shot noise.

7.3.1. Generation-recombination noise

This noise originates in the fluctuations of the number of carriers,
linked to the presence of different trapping states in the bandgap of
semiconductors. The spectral density associated with these
fluctuations can be written as:
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5 4r
Sy (f)=aN o [7.26]

where AN? is the second order moment of the random variable N
which represents the number of carriers under consideration. 7 is the
time constant of the generation-recombination process taking place.
This spectrum, of Lorentzian form, displays a plateau at low
frequencies followed by a 1/f2 dropoff at high frequencies. These
fluctuations lead to current fluctuations proportional to the square of
the mean current:

AN’ 4t

Generally, the observed time constants lie between 10-3 and 106 s.
However, it should be noted that in some specific cases, these values
can be smaller.

7.3.2. 1/f noise

The origin of this noise is poorly understood. Its spectral density
takes the form:

S, (f)= iyl2 (Az/HZ)

f [7.28]
where y usually takes a value close to 1, which leads to the term 1/f
noise, and A4 is an experimentally-determined constant which varies
from one device to another. We note that the spectral density varies as
the square of the bias current. It is not possible to calculate the
autocorrelation function of the process by the use of the inverse
Fourier transform of S;(f) because the integral diverges. There are two
interpretations of the origin of this noise. The first was proposed by
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McWhorter [MCW 57] who attributed the origin of this noise to the
surfaces and interfaces of the material where a continuum of trapping
states for carriers can be found (surface effects), a situation which
produces an overlapping series of generation-recombination events.
The second interpretation is due to Hooge [HOO 76], who attributes
this noise source to a volume effect in materials, due to fluctuations in
the mobility of the carriers. Whichever of these is correct, it is almost
certain that the amplitude of this 1/fnoise is affected by the quality of
the device and its fabrication technology. The frequency f; is defined
as that for which the spectral density of the 1/fnoise is equal to that of
the fundamental noise (shot noise or thermal noise).

For the rest of this chapter, the main sources of noise that we will
take into account when evaluating the noise characteristics of a
photoreceiver are thermal noise, shot noise and its potential
amplification through multiplication processes, and the 1/fnoise when
the optical signal requires a treatment that includes low frequencies. In
practical terms, Table 7.1 summarizes the expressions for the spectral
density for the different sources of noise involved with devices and
systems.

Type Expression for Frequency Current
spectral density dependence | dependence
- 4kT
Thermal Si(h = fo 10
White R
noise .
Shot Si(f) = 2ql f0 I
Multiplication Si(f) = 2qlpeMX fo Ix
Generation- | gj(f) = AN2p 4t 0 -2 2
Excess| recombination N2 1+ @t2 e 3
noise . . 12
1/f noise Si(f) = A'{' f-1 2

Table 7.1. Expressions and characteristics of the main noise sources
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7.4. Analysis of noise electrical circuits

As is the case for deterministic signals, the behavior of a system is
described in terms of its equivalent circuit, with which a certain
number of noise sources must be associated. These sources are
represented using the Thevenin or Norton formalisms. In contrast to
generators of deterministic signals, noise generators will be
characterized by the spectral density associated with the quantities that
they represent. In this way we can avoid all the problems of temporal
analysis while retaining the concept of impendence or admittance as
traditionally defined in circuit analysis. The concepts presented below
will be used later in the evaluation of the noise and the signal-to-noise
ratio of photoreceiver systems.

7.4.1. Representation of noise in bipoles

A real bipole (for example a photodetector) is thus represented by a
random voltage generator (Thevenin), which has a spectral density
S,(f) in series with its impedance Z(f), which is assumed not to be
noisy; or by a random current generator (Norton) with spectral density

Si(f) in parallel with its admittance Y ( f ): m

These representations are illustrated in terms of electrical circuits
in Figure 7.2.

700
..'( Noise-free  Sy(f)
Vi bipole
.__. 4 (Thevenin)
Real noisy bipole [ [
3\ =
9 Si(h —:

(Norton)

Figure 7.2. Representation of a noisy bipole using a frequency
spectrum approach for random processes



236  Optoelectronic Sensors

Henceforth, all noise generators will be marked with hatching in
order to distinguish them from normal signal generators. The
equivalence of these two representations can be expressed in the
following equation:

2
5 (=2 5.0) 729
which connects the two spectral densities that we have used.

Other parameters can be used to characterize the noise of a bipole.
If we take the example of shot noise, we can define the equivalent
noise current /,, as:

5. (/)
T2 [7.30]
In the case of thermal noise, we can define:

— either the equivalent resistance R, of the noise:

_5.0) [7.31]
" 4kT

— or the equivalent conductance G, of the noise:

_5U) [7.32]
4 4kT

— or the equivalent temperature 7,, of the noise:

s0) s _—

T = Sk f()} arrefr ()}

The representations of the noise given in Figure 7.2 make it
possible to directly treat series or parallel combinations of noisy
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bipoles: two bipoles in series are equivalent to a single bipole whose
spectral density of voltage noise can be written:

Sv, (f): Sv, (f)+ Sv, (f)+2Re {Sv]v2 (f)} [7.34]

where Sv;v,(f) represents the cross-spectrum which encapsulates the
statistical dependence of the two random processes associated with the
two noise sources. This dependence can be represented in terms of a
correlation coefficient defined by:

c(r)= V) V) [7.35]

IS (F)sv, (£)

with 0<|C| < 1. Thus, Sv;{(f) can then be written:
Svy ()= S, (£)+ v, (f)+2Re{C(f) sv, (£)sv, (f)} [7.36]

In the normal case where the two sources of noise are uncorrelated
(C = 0), the resultant spectral density is then simply the sum of the
spectral densities associated with each bipole. In a similar manner, in
the case of a parallel combination of two bipoles, we have, using the
parallel representation:

Siy (f)=Si, (f )+ Si, (f)+2Re {c(f) si (£)si, (f)} [7.37]

7.4.2. Representation of noise in quadripoles

For quadripoles (the case of amplifiers placed downstream of
photodetectors), the noise is generally represented by a minimum of
two partially-correlated noise sources. These sources, of voltage
and/or current, can be placed at the input and/or output of the
quadripole. This leads to six equivalent representations, each one
associated with one of six matrices describing the properties of the



238  Optoelectronic Sensors

quadripole. In practice two of these representations are the most
commonly used (see Figure 7.3).

Scu{ f)
Q . Q -
Sin(f) % noise-free Sir(D % noise-free % Sia(f)
] - -+ .

] b) =

d

Figure 7.3. The two most commonly-used configurations for
representation of a noisy quadripole

In the first case, the noise is represented by a voltage generator and
a current generator both present at the input of the quadripole (which
is itself assumed noise-free), with spectral densities S,,(f) and S;,(f).
This representation is well suited to describe noise in amplifiers. In the
second case, two current generators are used, one at the input and one
at the output of the quadripole, with spectral densities Si;(f) and Six(f).
This representation is useful for describing the intrinsic noise of
bipolar and field effect transistors.

An important quantity for characterizing the noise of a system is its
noise factor, which is defined as the quotient of the input and output
signal-to-noise ratios:

(S/B)e

F(f)= (5/8)s 7381

This equation shows that the noise factor can also be written as the
ratio of the total output noise power to what the output noise power
would be if the quadripole was noise-free. In this way it can be shown
that the noise factor is always greater than 1, and that the presence of
the quadripole amplifier degrades the signal-to-noise ratio. Bearing in
mind the first representation given in Figure 7.3a, and assuming a
resistive load R, at the input to the quadripole which only generates
thermal noise, we have, for a given frequency f,
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S, (f)+ RS, (f)+2R, Re {Sem.n ( f)}
4KTR,

F(f)=1+ [7.39]

As R, varies, the noise factor passes through a minimum for the
value:

R — Sen (f )
gopt Sm ( f)

Finally, for a series of quadripoles, it can be shown that under
certain conditions the noise factor of the resultant quadripole can be
written as a function of the individual noise factors F; and the power
gains G;:

F -1 F,—1
F—1=F —1+—2—+4+3 4. 7.40
! G GG [7.40]

1 172

This equation (the Friis formula) shows that the first quadripole
controls the noise of the whole system as long as it is not very noisy
and its gain is significant. Thus, when designing a photoreceiver, it
will be necessary to match the photodetector to the first amplifying
component in order to minimize its noise factor and give it a sufficient
gain that the noise of the successive stages can be ignored. These
issues will be covered when we study the PIN-FET system.

7.5. Noise in photodetectors

In order to describe the noise of a photodetector in the presence of
a weak signal, we will need to evaluate a signal-to-noise ratio for the
information carried by the photons. In order to do this, we need to
define a number of optoelectronic quantities and characteristic
parameters of photodetectors, which will allow us to express the noise
associated with the photocurrent generated by the conversion of
photons into electron-hole pairs.
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7.5.1. Characteristic parameters

In all optoelectronic transducers, there is an electric field present
which separates the two types of carriers generated by absorption of
the energy E,;, =hv of the incident photons, of wavelength A. For this
generation to take place, we require that:

he
Eph:hvzszg [7.41]

where £ is the Planck constant, v = £ s the optical frequency and E, the
A

size of the bandgap of the semiconductor material. For ~v=E, we
define the cutoff wavelength A given by:

1.24

A = = (in,um with £, in eV)

g [7.42]

The response coefficient R of the detector allows us to relate the
generated photocurrent 7, to the incident optical power P,y

R= ﬁ(A/W)

opt

The calculation of R involves the external quantum efficiency 77,
and the wavelength of the optical signal. We have:

_, A_

= Moy h_C - O'8nextﬂ' (A/W) [743]
if we express A in um and ¢ in m/s. In calculations of noise in
photodetectors, only knowledge of the photoresponse R is required.
The photodetector exhibits a basic noise S,(f) with which the dark
current is associated:
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, _50)
2q

We will now consider the incident optical power which would
produce a photocurrent /,, such that the associated shot noise 2¢l,,
would be equal to the basic noise referred to above (a signal-to-noise
ratio of 1). This optical power characterizes the photodetector and is
designated the NEP (Noise Equivalent Power). The NEP represents
the smallest optical power which can be detected for a given noise
equivalent bandwidth associated with the electronic system. Based on
the definition of the response coefficient, we then have, for linear
photodetectors and a unit bandwidth:

R= ph _ _obs
P EP
o [7.44]

For a given noise equivalent bandwidth, an identical equation can
be written in terms of rms values. Thus, we can directly express the
signal-to-noise ratio in the form:

[E] =10log Lop ) (rms)
B)us

NEP [7.45]

We can also define another characteristic parameter of
photodetectors, the detectivity, which is the inverse of the NEP:

1 1
D=—r ")

In the case of a photoreceiver, we will keep in mind when defining
the NEP that the basic noise used as a reference consists of the basic
noise of the photodetector and the basic noise of the amplification
system, brought down to the level of the photodetector. For a
bandwidth Af, we therefore have:
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NEP =

VS, (1), [7.46]
R

where Si(f)total = Si (f)photodetector + Si(f) amplifier.

7.5.2. PIN photodiodes

These are diodes, of mesa or planar structure, in which the n and p
regions are separated by an intrinsic semiconductor region where the
photocarriers are generated and separated (see Figure 7.4).

n s Lo b —

- 6 4

a) j— 7 b) ~—5

1 - Silicon nitride 1 - Metallic contact

2 - Passivation 2 - p-type silicon

3 - Metallic contact 3 - Intrinsic Si absorption region

4 - p-type InP 4 - n-type silicon

5 - Intrinsic InGaAs absorption region 3 - Metallic contact

6 - n-type InP

7 - Metallic contact

Figure 7.4. Schematic cross-sections of PIN photodiodes using
(a) mesa and (b) planar technology

The most widely used semiconductor materials are shown in Table
7.2 along with their main characteristics.
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Cutoff Dark Dark current
Material | Bandgap wavelength | current doubles
eV (um) at 25°C* every
Si 1.11 1.12 S5nA 7°C
InGaAsP 0.89 1.4 6 uA 10°C
InGaAs 0.77 1.6 12 pA 10°C
Ge 0.67 1.5 12 pA 8°C

Table 7.2. Main characteristics of the most widely used semiconductor materials

A theoretical approach to these devices must take into account the
band structure (direct or indirect) and optimize its geometric
dimensions as a function of the bandwidths, operating temperature,
dark currents, carrier lifetimes, leakage currents, series resistances, etc.

Figure 7.5 shows the ideal / = f(V) characteristics of a photodiode
at different incident light powers.

2
I

0 .k I -
é' Pope = 0.5 W i
;_]_ Popr =1 pW :
g Popt = 1.5 uW i
© Y Pup!=2pw r

I

-1 -0.5 0 0.1020.3

Voltage (V)

Figure 7.5. Typical characteristics of a PIN photodiode under different illuminations

Under reverse-bias, which is the normal mode of operation of a
PIN photodiode, the conduction consists of two components: the dark
current /4,4 and the photocurrent /,, = RP,,. Two shot noise
generators are associated with these two currents, and taking into
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account the series resistance R, which is the source of the thermal
noise, the equivalent noise circuit is shown in Figure 7.6.

Rs
4 KTRg

1]

2qlgark zq[pl\ Cd =

Figure 7.6. Equivalent noise circuit for a reverse-biased
PIN photodiode under illumination

Starting from this equivalent circuit, we can calculate the intrinsic
NEP of the device from equation [7.46]. For the large bandgap
materials used to detect short wavelengths, the dark current is
negligible, but technical issues are associated with the metal-
semiconductor contacts due to the very high resistivity of these
materials. For small bandgap materials, which are used for infrared
detection, the dark current will be the main limitation on the operation
of the device at ambient temperature.

7.5.3. Avalanche photodiodes

Avalanche photodiodes are PIN photodiodes which make use of
the physics of impact ionization to achieve multiplication through the
effect of the electric field on the charge carriers, with a mean gain M.
This process generates noise as discussed in section 7.2.3. Figure 7.7
shows a cross-section through two avalanche photodiodes.
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a) b)

1 - Metallic contact 6 - p-n junction 9 - Si-n*

2 - Silicon nitride 7 - n-type silicon guard ring 10 - InP-p guard ring

3-4 - Multiplication region 8 - Si-p* 11 - InGaAs-n* absorption region

5 - Si-m absorption region 12 - Electric field

Figure 7.7. (a) Structure of a n”"pap™ silicon avalanche photodiode for detection
at A= 0.9 um. (b) Heterostructure avalanche photodiode with separate absorption
and multiplication regions, for detection at A= 1.6 um

The equivalent noise circuit is the same as for a PIN photodiode,
but the photocurrent is written as:
I,,=MRP(4)

For the shot noise, the spectral density of the noise current can at
first approximation be written as:

S,(F)=24 4R, + 1, JM'F M )(4*/n,) [7.47]

In general, the I, component is multiplied by a factor M , which
is different from that for the photocurrent because we do not have
control over the injection into the multiplication region of the carriers
originating from the dark current.

7.6. Noise optimization of photodetectors
The main aim when designing a photoreceiver is to minimize the

optical power that needs to be detected while maintaining a specified
signal-to-noise ratio. Achieving this optimal sensitivity depends on the
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choice of photodetector and the amplification sequence. Specifically,
at the level of the detector, the signal-to-noise ratio can be written:

-2
lsignal
[7.48]

(S/B) etector -
’ f A Si (f )detector df

which in the presence of a preamplifier becomes:

-2

l.vignal
[7.49]

S/B) =
e [ R

Thus, the signal-to-noise ratios of the receiver and the detector are
connected by the relationship:

(s/B) =1 (s/8), [7.50]

receiver F

where F is the noise factor of the preamplifier, whose input load is the
photodetector. In order to achieve the minimum degradation in the
signal-to-noise ratio of the photoreceiver, the amplifier must be
matched to the detector in order to minimize F.

7.6.1. Formulation of the problem

Bearing in mind section 7.4, Figure 7.8 shows the equivalent noise
circuit of the detector-preamplifier system.

The photodetector is represented by its admittance Y, in parallel
with a noise current generator /. The preamplifier noise is represented
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at its input by a voltage generator ¢, and a current generator i,. These
two generators are correlated, and we write i, in the form of one part
which is correlated with e, (which we will call i.), and another
uncorrelated part (i,,.):

i, (£)=i. )+ (f) [7.51]

Noiseless preamp

—— ————

Dctu.mr Noisy prcamp

ﬁ

N

S
I b)
YS {:“
E

Figure 7.8. Equivalent noise circuit for a photoreceiver,
positioned at the system input

Since the correlated part is proportional to e, at a given frequency,
we will write it in terms of a correlation admittance Y,

i ()= Yo ()e, () [7.52]

The equivalent circuit in Figure 7.8b can then be drawn in the form
shown in Figure 7.9.



248  Optoelectronic Sensors

T e

Y.u:le

cor ‘['I
I, 8, Iy
Y- e nc n

5 n

[ Resl

Figure 7.9. Equivalent circuit used to calculate the spectral density
of the total noise current of the photoreceiver

Bearing in mind our frequency-based approach to random
phenomena, we have in terms of spectral densities:

S, (F)=s, ")+ "5, (1), (1) [7.53]

s

Y +7

cor

The different spectral densities can be expressed as a function of
their equivalent noise conductances (see section 7.4):

S, (f)=4k1G, (1)

I

S, (/)= 4kTR, (f')= 4kTG, " (1)

7.54
S, (f)=4k1G, (1) [7:54]

nc

S, (f)=4kTG, (f)

In

To avoid encumbering the notation, from hereon in we will not
bother indicating that the conductances are a function of frequency.
The noise factor of the photoreceiver now be written:

1 5 )
5. () —1+ ES{GM +R, [(Gs +G,, ) +(B,+B,,) ” [7.55]

Bearing in mind equations [7.51] and [7.52], we have:

2
G,.=G, R

n

Y

cor

n

[7.56]
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and the noise factor can be written as:

F—1+Gis{GmRn{G§+Bj+z(GG +5,5,,)}} [7.57]

s~ cor s cor

In order to minimize the noise factor, we set to zero the derivative
of F with respect to the variables G, and B,. We find:

[7.58]

sopt — cor

then:

G G2 +GG, =G G —B [7.59]

sopt cor n-n

Under these conditions, the minimum noise factor can be written:

Gso t + Gcor
F, =14 o [7.60]
Gn
It follows that:
1 2
F= Fmin +ﬁ{(Gs _Gsnpt + snpt)z} [761]

Hence, if we constrain F to be greater than or equal to F,,;, by
modifying the source admittance Y; = G, + jB,, we find we must solve
the following equation in terms of Gy and Bq:

¢! +8 -26.{G,, +(F-F,,)G, }-2B5,, +G>, +B, =0[7.62]

sopt min s sopt sopt sopt

which in the basis G, B, represents a circle with center:
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so sopt min [763]
S0 sopt
and radius:
R=\(F-F,,)G, {(F F,. )G +2Gmpt} [7.64]

10 Circles ofcmmlamﬂnu.i.\;c factor . FA

F

min f-.

; ) 10
a) Gg (mS) b)

Figure 7.10. (a) Circles of constant noise factor in the basis Gy, By.
(b) Plot of the surface defined by the noise factor

We note that for F' = F,;, the circle shrinks to its center such that:

so saptBsa - Gsapt
The results obtained are shown in Figures 7.10a and 7.10b.

It must be remembered that the series of circles and their resultant
surface is only representative of a single frequency. The matching of
the detector and preamplifier must therefore be as independent as
possible of this parameter.
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7.6.2. Concepts for photodetector-transistor matching

A conceptual diagram for the matching is shown in Figure 7.11.

Transistor
» Detector » nNoise, with
noise load Y,
- - —
A
@ irivol Noiseless
@ Quadripole transistor
ar
Y .~.| Cn
! > - —
Photodetector Matching Preamplifier

Figure 7.11. Conceptual diagram for matching a photodetector to its
preamplifier in order to minimize the noise factor

Y is the admittance presented by the matching quadripole at the
input of the preamplifier. In order to have F' = F,,;,, it is necessary that
Ys = Y,y Matching is achieved using a quadripole or matching
transformer and/or through a matching admittance Y,. Y, is the
admittance of the photodetector. For example, a photodiode with a
capacitance C, of 0.1 pF and a series resistance R, of 20 Q presents an
admittance of ¥;=0.03 mS +; 1.2 mS at 2 GHz and Y;=0.78 mS +
6.3 mS at 10 GHz.

Similarly, for a field effect transistor with a gate of width 200 pm
we have, at 2 GHz: Y,,; = 2.5 mS —j 2.1 mS, and at 10 GHz: Y,,,; =
12.8 mS —; 10.8 mS. Thus, in the complex plane of admittances, the
matching of the photodetector to its transistor move from the point Yp

to the point Y, (see Figure 7.12a).
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BA B* Translation Ga _
@) o g
Yq Yy =g
= M
E
0 5—G =G
Yt:]ﬂ 11}. b) Yupl
c) d)
B v
d
@]
" 0 te———5>G
Reductionin W vy Y

Figure 7.12. (a) Representation in the admittance plane of the photodetector’s
Yq and of Yop which leads to a minimum of the noise factor, (b) movement due
to the matching admittance Y, = G, —jB,, (c) matching by lossless admittance
and reduction in the width W of the gate, (d) matching by use of a transformer

In order to do this, we can imagine the following points:

a) connect the photodetector directly to the transistor. The noise
factor will not be minimal. However, we will be close enough to the
axis G of the conductances that C; will be weak;

b) place an admittance Y, = G, + jb, in parallel with Y; so that ¥, =
Yopt + Y4 (see Figure 7.12b). The noise factor will be minimized, but at
the expense of increasing the source noise. It follows that the signal-
to-noise ratio is degraded: increasing the real part of the admittance
seen by the transistor increases the noise and so is not a worthwhile
solution;

¢) reduce the width W of the gate of the field effect transistor in
order to have R.{Y,,} = R.{Y4} [I think that R, should read Re [i.e.
“the real part of”]] (Figure 7.12¢). The signal-to-noise ratio of the
preamplifier is optimized. It should however be noted that the
reduction in W leads to a reduction in the transconductance of the gain.
This may then not be large enough for it to be possible to neglect the
noise of the subsequent stage;
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d) use an impedance transformer (Figure 7.12d). Y; becomes
K{Yy+jBa} = Yops. In this case, it is also necessary to match the
imaginary part by using a lossless admittance jB,. The real part of ¥
has been amplified along with the signal, and the signal-to-noise ratio
of the source remains unchanged. In practice, this requires being able
to build a lossless (and hence noiseless) matching circuit with a
significant K factor. It also requires that the lossless load Y, has a
negative susceptance (inductance). Finally, the system must operate in
the useful frequency range, bearing in mind that the admittance of an
inductance decreases with frequency when 7,,{Y,,} grows. This
makes this option challenging to achieve in practice.

7.7. Calculation of the noise of a photoreceiver
7.7.1. Basic equations

We need to express the equivalent noise circuit in Figure 7.8 in
terms of the basic noise associated with the transistor which forms the
preamplifier. The behavior of the transistor will be described here in
terms of its admittance matrix Y, and its background noise will be
represented by two correlated current generators i) and i, at the input
and output of the device respectively (section 7.5.2). This leads to the
arrangement depicted in Figure 7.13.

o -uf-
| T . [ LT 77
Ih@. ; \.1? @Ihl Yi1a @ - _‘.-' \\;:Q. Yo, I % i\"j +0
. | 21a V1 | e
| Y v e

Figure 7.13. Equivalent circuit for the preamplifier,
highlighting the different sources of noise

The calculation of the noise present at the input is made by
considering the short-circuit output, and this does not detract from the
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generality of the problem since the current gain will also be calculated
under these same conditions.

We set:
h=YX+Y, [7.65]
and for V, = 0 we have:
h =iy + 100
1 [7.66]
V,=—/i +i
1 Y, (s bl)
given that the output short-circuit current gain can be written:
G, ) _ J2e [7.67]

V20 Yu

we find that the spectral density of the noise current associated with
current i, is:

Siz (f): Sib2 (f)+|G[cc

2 {9 (F)+ 8 (F)+2Re G, (1 )}} [7.68]

and so the total noise at the input to the transistor can be written:

Setting ¥, = G, + jB, and Siblibz (f )/ Yz1a =G, +jB,, ,wehave:
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(G11a+G ) (B110+B)

S, (r) [7.70]

+2 Gcor (G + Glla) cor (BY + Blla )}

Insofar as S;(f) can be identified as the thermal noise of G, S;.(f)
takes the form:

S (f)=C+GG,+ BB, + 4(G? + BY) [7.71]

which represents the basic equation for the input noise of a
photoreceiver, with:

2

Y,
C= Sibl (f)+ Sib2 (f)fj: +2{Gcor 11la BcorBlla}
G=2 G‘—l"zSi,,z (f)+G,, t+4kT
%1, [7.72]

B
B=2 Laz Sibz (f)_ Bcar

|Y21a

)

For a given value of S;.(f), equation [7.71] generates a circle in the
admittance plane, similar to that which we saw previously.

7.7.2. Models of transistor noise

In this section, we will elucidate the two noise generators i,; and
ipp as well as their correlation.
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7.7.2.1. Case of a field effect transistor

ip represents the noise associated with the gate and i, the noise
from the channel (common-source configuration of the transistor). In
general terms, we have:

2 2

4, , CLf
S, (f):7+2q1g+1671' kTg—R [7.73]

There is a 1/f noise component, a shot noise component associated
with the gate current, and a component produced by noise in the
channel through capacitative coupling. Here R is a dimensionless
parameter which depends on the bias point of the device:

S, (f)= A7 +4kTg, P [7.74]

Here we have a 1/f noise contribution and a component associated
with the diffusion noise (thermal noise) of the channel. P is a
parameter which also depends on the bias point. 4, along with 4., has
units of A2 and represents the value of the spectral density of the 1/f
noise at 1 Hz. Working from the definition of the correlation
coefficient C, between two noise sources (here the channel and gate
noises):

S .
C.=C_ +jC, = #(f) [7.75]

Sy, (1)5,,, ()

we have from equations [7.73] and [7.74], where it is assumed that
only the thermal noise contribution leads to correlation:

1)=4kTCgsaRP{C,, + jC, [7.76]
( ) re m

USUS
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The small-signal equivalent circuit for a field effect transistor,
along with the two noise generators i,; and i, is shown in Figure
7.14. The access points R,, Ry and Rp may be noisy and contribute
thermal noise in the form of 1/fnoise.

Figure 7.14. Equivalent circuit of a field effect transistor,
with noise current generators at its input and output

7.7.2.2. Case of a bipolar transistor

The two noise sources model the shot noise associated with the
base current:

Ic

S, (f)=2q1, = 2qE [7.77]
and the collector current:
S, (f)=2qI, [7.78]

On top of the shot noise, it is useful at low frequencies to add the
1/f noise sources (at least at the level of the base) and maybe account
for the thermal noise of the terminal resistances (particularly for 7).
At high frequencies, bearing in mind that, from the point of view of
the detector, the transistor is equivalent to its input resistance 7, in
parallel with a capacitance Cr, the total input noise to the device can
be written:
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2ql 1 2ql
S, (f):7c+[—2+ciw2]—zc [7.79]

a m

Given that r, = kTT and g, r, =B, we find:

c

1 1 o A
S, =2gl {—+—!+2 Clow 7.80
ir (f) qc[ ﬁ} q] T [ ]

c

An increase in the capacitance can be counteracted by an increase
in the current /¢. The minimum S;/(f) is obtained for the value of the
current /-~ which cancels out the derivative of S;7(f), so that:

kT 1
[, =—Co0——re [7.81]
q B'+pB7

The input spectral noise density becomes:

5, (f)=4k1C0 Hﬂﬂl [7.82]

showing that this optimum varies linearly with frequency. The small-
signal equivalent circuit for the bipolar transistor, along with the two
noise generators iy, and iy, are shown in Figure 7.15.
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Base Collector
H {x]
Clw.:
= R
lh 1 s |:R£| Chccm ; 0 [hE
Vbe
Vbe

Emitter

Figure 7.15. Equivalent circuit for a bipolar transistor, with
noise generators at its input and output

7.7.3. Example calculation: a PIN-FET photoreceiver
Figure 7.16 shows the structure of a PIN-FET photoreceiver for

direct detection of the high impedance type (without Ry or the
transimpedance type (with Ry).

'—E ] [ * )
\Prcamp

|

—

'—H— Photodetector
S

Figure 7.16. Circuit diagram for a PIN-FET photoreceiver

From this circuit diagram, the elements of the admittance matrix of
the preamplifier can be written (ignoring parasitic elements):
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1
Na :R——l—]a)(Cgs—i—ng)
S
1 .
124 :_R__chgd
/ [7.83]
Y21a =&y _7ja)ng =&,
f f
22a :—Jrja)ng
’

In addition, combining the PIN diode with its capacitance C,, the
source admittance takes the form:

Y — RL +jC,m [7.84]

K
pol

Designating the equivalent resistance of R, and Ry in parallel as
Rr, and the equivalent capacitance of Cy, Cys and Cyy in parallel as Cr
(there may also be parasitic capacitances C, to take into account), the
equation Yy; = Yj1,+ Y, can then be written:

1
Yy = iCw [7.85]

T

The photodetector noise is accounted for in the shot noise that
stems from the dark current /4, and the signal current [,,, with a
further contribution from thermal noise in the series resistance Ryqs
of the photodiode, which we can correct by taking account of the
access resistance R, at the gate of the transistor:

I

S, (1) =24 (L, + Lygyy )+ 44T (R ey + R, C*0? [7.86]

The total noise entering the input of the system can be written (see
equations [7.67] and [7.69]):
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11

S (f): S, (f)+ S (f)+

2la

S i ( f)} [7.87]
Thus, we have:

1
—+ C%w2

s (1)=24{ +1 }+ LA Rz—
iy dark szgnal f f g + C;da)2

Cg’w? 1/ R? + C2e? )
+4kT L‘F (Rseries + Rg )Cij _’_gS—R_Fng% [7 88]
RT gm gm + nga)
/R, — jC.w
+2C, N RPRe|(C,, + JC,, )/T4
g, t Jnga)

At this point, we can reorganize this equation to make clear the
frequency behavior of the noise at the input to the preamplifier. For
instance, where g,, >> Cg,®, we have:

Siz (f):%|Ag+ A ]
_ L. P
+2q{le =1, }+ 4kT{RT — ]

C2
+f 4f7z2Ac—§+ l67zk—T\/RPﬁ
gm RT gm

[7.89]

2 kT

+ 12 {1@
&

= (czp+c2r+20,C; JRPC,, j
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As an example, Figure 7.17 shows the variation of pA/\/HZ
in sz (f ) as a function of frequency, for a system whose

characteristics are listed in the caption.

V' Sig(f) 103 =

102 4 M
_Ac If
gm?Rp? 101 3

______________________________________

015 [ L2qq, + D)

iy T T
8 10
f(Hz) 10 10

-
104 104

Figure 7.17. Calculation of ’S"z ( f ) as a function of frequency, using the

appropriate values for the characteristic parameters of the photoreceiver.
Dotted lines indicate the contributions from 1/f noise, thermal
and shot noise, as well as those of the f and f2 contributions

C,+C,=02pF,C, =02pF

I, =150 nd, I,,,,, =20 nA

R, =30kQ,g, =12mS;P=19,R=04
C,=02,C, =04

re

4, =10" p4?, 4, = 10° p4*

At high frequencies, in the case where Cg,w remains smaller than
Zm, €quation [7.88] can be written:
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C2 2
S, (f)=4kr i+(R o+ Re)Cd’w +——R
lz RT series gm
[7.90]
Pl
+—| =+ 0’
g, | R

Co
+ Cim
RTgm gm

Cre

+2C, N RP

|

Starting from equation [7.90], it can be seen how the width W of
the transistor gate can be calculated to match it to the photodetector,
setting:

8y = &V
C =C W
gs0

gs

ng = ngoW and Co = Cgsa + ngo

We then have:

Cgs?
S, (f)=4kr L (R s + RE)Cd*0)® + 8% gy £ L
12 RT series g g W R2
my my T
C*Ww? 2w?
ype +PCdaV;+2PCdCOw2
&, &, Em, [7.91]
1 2585 Jrpe, coww? + 28 JrpC, Cda?
Ey &,y
12CE, fp Ce
gm() RT

In terms of the variable W, this last equation can be rearranged to
obtain:
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S,-z (f)z W4k—T {CgsozR + PCo® + 2Cgso RPC, Co }w2
&m,

L AkT [Ri 2L cacon? + 2582 Jrp

T gmo gmo

¢ cdo? + %0
m RT

] [7.92]

%—i—Cdzwz

+Lar L lp
w R;

Emy

+ (Ry-y, + Rg)Cd*0’Wg,, J

Since the gate access resistance is inversely proportional to:

it is reasonable to make the following approximation when integrating
the photoreceiver:

(R + RE)Ca 0, = (R, +Re, Yod0’s,, [7.93]

Additionally, the term representing the noise induced by the channel
Cgsza)2

in the gate, 4kT R, can be written as:

m

2 2
Cow” o with R = &
fogm Co®

4KT R [7.94]

Equation [7.92] then takes the final form:
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2
5, ()= 4kT|WCi (r+ P2V PC,)
Em
0

+i+ 2 P cacon? + 22\/13'13
RT gmo gm

0

Crew

c,Cdw+

] [7.95]

|

The derivative of this final result, with respect to W, leads us to an
optimal value of W which minimizes the noise, such that:

T

1 1
+__
w

&m,

Lz—l-Calza)2

T

P + Cdzwz (Rserieso + Rg o )gmo

p 1+ + gm (Rseries + Rga)
e R%Calza)2 0 (7.96]
' Co R+ P+2VRPC,,
We then have:
2
Siy ()= 4k |- 4+ 22949 | py JRip|C,, + =<2
R, &,y R.Cdw
[7.97]
—+ P l+ﬁ +gm (Rseries+Rg0) (R'+P+2VR'PCIm)
R.Cd w 0
In the case where the value of Ry dominates, we have:
Sis ()= 8kTgC—o Cde?
o [7.98]
%+ JPR'C, + \/P+ 8y (Rouries + Re, )\/R "+ P+2JR'PC,, ]

which can be written as:
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Si (f) . = 16kTgC—" Cdw*T [7.99]
My

with:

F_%{P+ VPR'CIW+\/%+(RSerl€3+Rg0)gmo}%z’+P+2 ,R'PClm}}

We can consider I' as an equivalent noise parameter for the
channel which allows us to treat the system as if the gate noise is zero
(R = C,=0). Equation [7.99] accounts for the high-frequency noise of
the receiver. Now returning to the sources of noise that we have
ignored up to now, the total input noise after the gate width has been
optimized is:

A C,2
Siz (f)min = Zq (Idark + Isignal + Ig )+ 7g + AC 4”2 g% f
m [7.100]

+earkr £ cdry?

My

This equation gives the frequency dependence of the optimized
noise.

7.8. Comments and conclusions

Several comments can be made based on the example that we have
worked though. There are four sources of noise that are a function of
frequency:

—a 1/f contribution which dominates at low frequencies and is
connected with the manufacturing technology of the devices;

— a white noise component which represents the minimum noise
level of the photoreceiver;
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—a component proportional to frequency, associated with the high
frequency performance of the transistor and the capacitative coupling
between the channel and the gate, which brings into play the low
frequency noise of the channel;

—a component proportional to the frequency squared, associated
with the I" coefficient defined above.

The noise contribution from each element in the photoreceiver
circuit is clear:

— the intrinsic characteristics of the PIN photodiode (/,;, C; and
Ry..i0s) contribute to the white noise and the high frequency noise as a
result of its matching to the amplifier;

— the bias resistance of the photodiode has an effect on the white
noise and low frequency noise of the system;

— the transistor characteristics (Ig, g, Cgs» Coa» Acr Ag and T') affect
the noise performance of the photoreceiver across the whole

frequency range of its operation.

Finally, at the level of the whole photoreceiver, and to summarize
all the concepts presented in this chapter, we calculate the signal-to-
noise ratio for an incident optical power P,, and a photodiode
response coefficient R through the equation:

(e,

S
i o 7.101
B fSiZ (F)dr [7.101]

B

where B,, represents the equivalent noise bandwidth.

This type of calculation can be applied to different photoreceivers
involving bipolar or field effect transistors connected to PIN or
avalanche photodiodes.
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