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SUMMARY

This thesis is concerned with a detailed study of the performance
of superlattice avalanche photodiodes (SAPDs) and the implications for
high bit rate direct-detection optical fibre communication systems. 1n
these advanced detectors the electron to hole ionisation rate ratio is
artificially enhanced through selective heating of the electron
distribution to reduce the excess noise associated with the randomness
of the avalanche multiplication and to ensure high gain-bandwidth

product. Thus SAPDs are suitable for long wavelength applications

(1.3-1.6 um) where most compound semiconductor materials otherwise
have comparable electron and hole ionisation rates.

A comprehensive discrete ionisation model is developed to assess
the performance of SAPDs; emphasis being placed on the gain, excess
noise factor, gain moment generating function (MGF), and
gain-bandwidth product. The model is quite flexible and it is found
that other device impairments such as dark current and the number of
jonisations per stage caused by the injected carrier can be readily
incorporated into the formulation. The performance of optical

receivers cmplogg SAPDs is examined using a Gaussian approximation
(GA) and taking into account the influence of various device

impairments. To assess the accuracy of GA a rigorous statistical
analysis is developed using a MGF formulation.

~New  signal  designs for  optical communications  devised
specifically for APD receivers are described. These signals achieve
simultaneously both zero intersymbol interference and zero telegraph
distortion with respect to a depressed optimum threshold and are thus
well suited to untimed transmission. Importantly, they also offer

improved tolerance to alignment jitter when they used in conventional
fully retimed receivers.
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CHAPTER 1
INTRODUCTION

1.1 High Bit Rate Direct Detection Systems
Considerable effort has been invested world-wide in developing
high bit rate, long haul direct detection optical communication

systems. Increasing the bit rate expands the capacity of the system,
whereas increasing the distance between transmitter and recelver
ensures a decrease in the number of repeaters which can result in
improved system reliability. In both cases, the effort ultimately
reduces the cost of the communication system. Systems for 1.6 Gbit/s

transmission have already been implemented for practical application

[Cohen, 1986] and operating at > 10 Gbit/s systems are currently being
studied [Fujita et al., 1988; Gimlett et al., 1989].

The straight forward target for achieving longer repeater
spacings 1s improved receiver sensitivity. The photodetectors used in
the present 1.55um wavelength band are based on InGaAs/InP avalanche
photodiode = (APD)  structures  with  separate  absorption  and
multiplication (SAM) regions [Campbell et al.,, 1983], or InGaAs pin
FETs [Gimlett, 1987]. APDs have the potential benefit of providing
internal gain and thereby offering improved sensitivity, especially at

high bit rate. However, the performance of an APD is governed by the

excess noise  associated  with statistical fluctuations in the

multiplication process. This excess noise is a strong function of the

ratio of ionisation rates for electrons and holes, which is about



0.4-0.6 in InP material systems. There is thus considerable interest
in artificial enhancement of the ionisation rate of one carrier over
the corresponding bulk rate through the use of superlattice structures
[Capasso, 1983]. In these devices one type of carrier is selectively
heated compared with the other via potential step discontinuities at
the heterostructure interfaces. The target 1is to achieve Ionisation

rate ratios less than 0.01 in these structures. An improvement of up

to 5dB in receiver sensitivity is possible, which corresponds to a
33km cxtcnsion‘ in the repeater spacing for 0.15 dB/Km fibre [Kimura,
1988].

A further feature of these superlattice APDs (SAPDs) is that
carrier multiplication occurs at discrete locations in the device,
leading to a reduction in the variability of the number of
hole-electron pairs generated per photon. Thus these APDs can be
considered as a first step towards a solid state photomultiplier,
analogous to a photomultiplier tube. Capasso et al. (1983) have shown
that the noise characteristics of staircase SAPDs cannot be calculated

using the conventional MclIntyre analysis [McIntyre, 1966] since the

latter assumes carrier ionisation to be a continuous process, as is
appropriate for conventional APDs (CAPDs). In addition, Teich et al.

[1986a; 1986b] have found that the theory of discrete ionisation
processes proposed by van Vliet and co-workers [1979a; 1979b] for
short avalanche region CAPDs 1is applicant for staircase and other
superlattice APDs, assuming single ionmisation per initiating carrier
per stage.  The performance of optical receivers incorporating such

advanced structures has been reported for the ideal case of zero dark



current and negligible residual hole ionisation [Teich et al., 1986b].
The effect of these (and other) device impairments on system

performance will be discussed in this thesis in detail.

1.2 Thesis Organisation

Followiﬁg this introductory chapter, an overview of superlattice
avalanche  photodiodes (SAPDs) is presented in  Chapter 2.
Consideration is given to the discrete ionisation model used to
investigate the noise characteristics of these advanced detectors.

In Chapter 3 formulas are derived for the effective gain and
effective excess noise factor associated with dark current generated
in SAPDs. This allows us to investigate the performance of optical
receivers incorporating SAPDs taking into account the influence of

both dark current and residual hole ionisation. The analyses are then

extended for conventional avalanche photodiodes (APDs) to examine the

influence of dark current generated within the multiplication

(avalanche) region.

The performance of a staircase APD is usually analysed assuming
that electrons ionise at the steps only while the holes ionise within
the graded-gap regions [Capasso et al., 1983]. In Chapter 4 the

analysis is extended, in order to consider the effect of carrier
(clectron and hole) impact ionisation both in the graded-gap regions
and at the steps. General formulas for the gain and excess noise
factor have been derived relating to three important extreme cases.

The performance of a 2 Gbit/s optical receiver employing a ten-stage

staircase APD has been examined to assess the influence of various



carrier ionisation probabilities.

Recently interest has been expressed in SAPDs in which multiple
ionisations per initiating carrier per stage occur, similar to
secondary emission in photomultiplier tubes, thereby greatly enhancing
the gain of the device. In Chapter § we extend the existing analysis
of SAPDs to allow for the production of up to two impact ionisations
per Iinitiating carrier per stage. Extension for more than two
ionisations is considered in Chapter 6 where a new discrete
ionisation model for a solid state photomultiplier (SSPM) is presented
and used to predict the gain and excess noise characteristics of these
devices. The expressions obtained here are quite general and can be
applied to photomultiplier tubes, single ionisation or two-ionisation
SAPDs, and CAPDs. The performance of optical receivers based on these

advanced APDs is also examined, emphasis being placed on the effect of

both dark current and residual hole ionisation.

A Gaussian approximation (GA) has been used in Chapters 3-6 to
predict the performance of optical receivers based on SAPDs.  This
technique make use of the excess noise factor, representing first and
second order  statistical properties of the gain  fluctuations
introduced by the multiplication process. @A more precise measure for
the performance of these systems requires a comprehensive statistical
description of the random gain associated with SAPDs, This problem is
addressed in Chapter 7. First we present a numerical technique to
evaluate the moment generating function (MGF) associated with the
multiplication process of nonideal SAPDs (with residual hole

ionisation). Secondly, we use the MGF together with a modified



Chernoff bound [Prabhu 1982, da Rocha and O’Reilly, 1982] to predict
the performance of SAPD receivers in the presence of dark current. A
comparison with the GA is also presented.

In Chapter 8 we direct our attention to the speed of response of
SAPDs, and the effect on the performance of high bit rate lightwave
receivers. We have shown that the SAPD may be modelled as a CAPD in

which the hole and electron ionisation rates exhibit position

dependency corresponding to a series of impulses, one per stage. This
has enabled us to apply the theory of CAPDs directly to predict the
gain-bandwidth product of SAPD:s.

Chapter 9 1is devoted to overall receiver considerations. We
start by comparing the performance of SAPD receivers with that for
CAPD:s. This. iS necessary in order to indicate upper bounds on
superlattice device non-idealities, which are strongly dependent on
the number of stages, below which these advanced APDs can offer
improved performance compared witl:; existing long wavelength CAPDs. We
then describe new signal designs for optical communications based on
APD receivers. These signals achieve simultaneously both zero
intersymbol interference (ISI) and zero telegraph distortion (TD) with

respect to a depressed optimum threshold encountered with high
performance APD receivers. The new signal design targets are thus
well suited to untimed transmission whilst also offering improved
tolerance to alignment jitter when used in conventional fully retimed
optical receivers. @ The practical realisation is considered to consist

of signal shaping networks with responses closely approximating these

new designs.



Chapter 10 concludes the thesis, summarising the main findings

and identifying areas where further research may be appropriate.

1.3 Contributions

The research reported here sought to provide a detailed and
comprehensive assessment of the performance of direct detection
optical receivers incorporating  superlattice  avalanche photodiodes
(SAPDs), emphasis being placed on the influence of residual hole
ionisation and dark current. The gain and noise characteristics of
various SAPDs have been analysed using discrete ionisation models and

used as a basis for performance assessment of practical systems. In
order to achieve this it has been necessary to produce a number of new
derivations and means of analysis, relating both to specific

impairments and their combined influence on system performance.

The main contributions of this thesis may be summarised as

follows:

(1) Expressions are derived for the effective gain and effective
excess noise factor associated with dark current in SAPDs [Fyath and
O’Reilly, 1988a]. This allows us to assess the influence of various
dark current components on the performance of optical receivers
employing these devices [O’Reilly and Fyath, 1988a; Fyath and
O’Reilly, 1988e]. The analyses are then extended for CAPDs to

investigate the effect of dark current generated within the avalanche

region [Fyath and O’Reilly, 1989a].



(2) The performance of optical receivers using a recently proposed
new APD, in which multiplication 1s achieved by single impact
ionisation per traversal of the primary -carrier through the device,
has been investigated. It has been shown that the sensitivity
improves as a function of ionisation rates ratio k, a behaviour which

is in contrast to that for CAPDs [O’Reilly and Fyath, 1988c].

(3) The existing analysis of staircase APDs has been extended to
allow for the possibility of both types of carriers impact ionising at
the steps and in the graded regions. We identify and discuss three
extreme cases depending on material and structure of the diode. The
influence of various carrier ionisation probabilities on receiver
performance has been examined [Fyath and O’Reilly, 1988d].

(4) Gcnerali cJ.tprcssions have been obtained for the average gain and
excess noise factor associated with photocurrent and dark current 1in
SAPDs where multiple ionisations per initiating carrier per stage may

occur. The performance of optical receivers utilising these advanced

detectors has also been examined [Fyath and O’Reilly, 1988b, 1988c,
1988h].

(5) A gain moment generating function (MGF) formulation for SAPDs has
been developed and evaluated numerically taking into account the
effect of residual hole ionisation. This has been used as a basis for
rigorous analysis of optical receivers employing these detectors. We
have described a statistical model for the detection process using
the modified Chernoff bound which has enabled us to assess accurately

receiver performance in the presence of - hole ionisation and dark

current [Fyath and O’Reilly, 1989b, 1989d].




(6) We have examined in detail the speed of response of SAPDs and its
effect on the performance of multigigabit per second lightwave
receivers. Particular consideration is given to the avalanche
build-up time arising from the regenerative nature of the
multiplication process in the presence of residual hole ionisation
[Fyath and O’Reilly, 1988f, 1988g; O’Reilly and Fyath, 1989].

(7) We have presented a comparison of the performance of SAPD optical

receivers with that for CAPD receivers. This has enabled upper bounds
to be indicated on superlattice device non-idealities below which

these advanced APDs can offer improved performance compared with
existing long wavelength CAPDs [Fyath and O’Reilly, 1989c¢].

(8) New signal designs developed for optical receivers employing APDs
have been presented. These provide zero ISI and zero TD with respect
to a depressed optimum threshold and can then be used for both untimed
(2R) and fully retimed (3R) repeaters. The effect of alignment timing
jitter on the performance of retimed receivers has been considered and
the new  designs have been shown to offer reduced power penalties

compared with widely adopted raised cosine receivers. A  fourth-order

low pass ladder network filter has been shown to provide a suitable

basis for a practical realisable approximation [Fyath and O’Reilly
1987, O’Reilly and Fyath, 1988b].



CHAPTER 2

SUPERLATTICE AVALANCHE PHOTODIODES

2.1 Introduction

Recent years have seen renewed interest in avalanche photodiodes

(APDs) as detectors for long haul lightwave communication systems.

The internal gain associated with the avalanche process in these
devices provides a potential means of overcoming thermal noise
limitations in wideband detection [Personick, 1973]. Unfortunately,
the performance of an APD is governed by excess noise associated with
statistical fluctuations in the multiplication process. Nevertheless,
it is widely accepted that APDs can provide substantial improvement in
receiver sensitivity compared with PIN photodiodes, the margin
provided by the APD increasing with bit rate [Brain, 1982; Smith and
Forrest, 1982]. Multiplication noise for conventional APDs (CAPDs)
was investigated by Tager [1965] and later by Mclntyre [1966]. These

results show that it is important for low noise, high gain APDs that

carrier feedback in the multiplication process be minimised, that is,
the electron and hole ionisation coefficients o« and S should be very
different, and the carrier species with the highest ionisation rate
should initiate the avalanche process. For wavelengths below 1um the
siicon APD represents a near-ideal detector choice for optical fibre

communication systems since the hole to electron ionisation rate ratio

is less than 1/20 in this material [Webb et al., 1974; Robbins et al.,
1985].

The more recent development of optical fibres with- low loss and



negligible dispersion in the 1.2-1.6um wavelength range has led to
extensive research on new  photodetector  materials. These
investigations have shown that germanium and most III-V materials
sensitive to this wavelength range have nearly equal ionisation
coefficients so that they are unsuitable for low noise APDs [Stillman
et al.,, 1984]. There 1is thus considerable interest in new APD
structures in which the 1ionisation rate ratio can be artificially

enhanced.

2.2 APDs with Enhanced Ionisation Rate Ratios

Several principles have either been used or proposed for altering
the ionisation rate ratio, among these are the following :
(a) Eliminating .the feedback noise associated with residual hole

lonisation by trapping the holes in a potential well formed between

two heterojunctions [Gordon et al., 1979].
(b) Difference between the ionisation energies and the quasi-electric

fields for electrons and holes in graded-gap materials [Capasso,
1981].

(c) The wuse of superlattice or multilayer structures in which the
distribution of one carrier type (clectrons in general) is selectively
heated to high energy while the hole distribution remains relatively

cool such that no subsequent ionisation occurs. Various schemes have

been proposed which are based on : use of large asymmetry between

conduction and valence-band discontinuities as in multiquantum well
APDs [Chin et al.,, 1980; Capasso et al.,, 1982] and staircase APDs

[Capasso et al., 1983], use of built-in electric field arising from a

periodic doping profile in conjunction with band-edge discontinuity as

10




in doped quantum well APDs [Blauvelt et al.,, 1982], or the use of

sequential resonant tunelling [Brennan and Summers 1987a].

(d) Spatial separation of electrons and holes 1n materials of
different bandgaps such as in channelling APDs [Capasso, 1982a, 1982b;
Tanoue and Sakaki, 1982].

(¢) Resonant enhancement of imi)act ionisation 1in a superlattice,
induced by the zone folding effect [Mon and Hess, 1982].

(f) Making use of resonant impact ionisation initiated by holes from
the split-off valence band. This occurs when the spin orbit splitting

is equal to the bandgap energy which makes the threshold energy for

hole initiated impact ionisation reach the smallest possible value
and the ionisation process occurs with zero momentum. This leads to a
strong increase: of hole ionisation coefficient. An ionisation rate

ratio of about 0.1 has been reported in AlGaSb [Hildebrand et al.,
1981] and HgCdTe [Alabedra et al., 1985].

(g) By using silicon as the avalanche material in SAM (separate
absorption and multiplication) structures. This material has small
impact  ionisation rate ratio suitable for low noise carrier
multiplication.  Avalanche gain as high as 50 has been measured at a
wavelength  of 13um in  GeSi /Si heterostructure  photodiodes
[Pearsall et al., 1986]. The absorption of the infrared radiation
occurs in a  GeSi/Si strained-layer superlattice which serves as a
waveguide core, and the avalanche multiplication takes place in one of
the Si-cladding layers.

The superlattice APDs (SAPDs) mentioned in (¢) have attracted
Increasing interest in the literature as promising long -v'vavclcngth

detectors with ionisation rate ratio below 0.01. The prediction of

11



enhancement of ionisation rate ratio has been clarified experimentally
[Capasso et al., 1982; Juang et al.,, 1985, Yu et al.,, 1987] and
theoretically using both Monte Carlo simulation [Brennan, 1985a;

Brennan and Wang, 1988] and lucky drift theory [Ridley, 1985; Marsland
and Woods, 1987; MacBean, 1990b].

2.3 Examples of SAPDs

SAPDs have in general a p-i-n form where the superlattice "i”
region consists of a periodic structure of alternating layers of
different bandgaps. @ The engineering of this region and the material

used are responsible for the enhancement of the ionisation rate ratio

in these devices.

2.3.1 Quantum well APDs

This structure was first proposed by Chin et al. (1980) and it is
lllustrated schematically in Fig. - 2.1 along with its corresponding
energy band diagram.  The avalanche region consists of alternating
layers of wide and narrow bandgap materials. In addition, the
majority of the bandgap discontinuity occurs in the conduction band.
In this structure an electron 1is accelerated by the electric field
through the wide bandgap material (barrier) until it reaches the small
bandgap material (well). = When it enters the well, it abruptly gains
an energy equal to the conduction-band, discontinuity AE¢~ It 1is
important to stress the ballistic nature of this energy gain.  The
threshold of impact ionisation of electrons in the small bandgap
material is effectively lowered by AEC. However, the valence-band

discontinuity AE is not large ecnough to supply a similar energy boost

12



narrow bandgap material

D+ wide bandgap material

AE

AE,

(b))

Fig. 2.1 Quntum well avalanche photodiode.
(a) schematic diagram

(b) energy band-diagram
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to free holes (for semiconductor heterostructures where AEC>AEv).
Since the impact ionisation rate depends exponentially on the impact
ionisation threshold, the electron ionisation rate « is enhanced much
more than that for holes, S.

A quantum well APD similar to the one proposed by Chin et al. was
fabricated by Capasso et al. [1982] and consisted of 50 alternating

2408 As (5508) and GaAs (450A) layers with a doping

concentration of 2x10"cm™. They obtained electron to hole
ionisation rate ratio af/f of 7 to 8, which represents an improvement
of a factor of 3 to 4 over a/f in GaAs bulk material. Brennan et al.
[1985a) have reported on Monte Carlo calculations of the
ionisation rate cocfficient in a superlattice of AlGaAs/GaAs identical
to the one used by Capasso et al. [1982]. They found an excellent fit
to the electron ionisation rate data of Capasso et al. if AE_ is taken
to be 0.75 of the bandgap difference. The calculated hole ionisation
rate, on the other hand, is comparable to the bulk value, which is
again in agreement with experimental data.

Other authors have also observed an enhancement of the «/f ratio
in AlGaAs/GaAs superlattices [Juang et al. 1985; Kagawa et al., 1989].
Osaka et al. [1986] have reported an enhancement of 8 by a factor of

four over the bulk value in Ga0 4,,Ilcxc. 53As/InP superlattices due to

the large value of AEV. Yu et al. [1987] have measured f/a equal to 6
in InGaAs/InAlAs SAPD:s.

Recently Capasso et al. [1986] have observed a new avalanche
~_-phenomenon in  superlattices, namely, impact ionisation across

band-edge discontinuities of carriers confined in the wells. This

lonisation phenomenon was briefly discussed by Smith et al. [1983] and

14



later Chuang and Hess [1986] bhave proposed 1t independently and
calculated the ionisation rates. In this ionisation effect only one
type of carrier is created so that the positive feedback of impact
ionisation of the other carrier species eliminated, leading to the
possibility of a quiet avalanche with small excess noise. This' has
been confirmed experimentally by Capasso et al. [1986] on both
AllnAs/GalnAs and AlSb/GaSb superlattices, and by Allam et al. [1987]
on AlInAs/GalnAs systems. In the latter structure ionisation rate
ratio f/a in excess of 50 have been measured, which is the highest

ionisation rate ratio measured to date in III-V materials.

2.3.2 The graded-gap staircase APD
This detector has been devised by Capasso et al. [1983] as a

semiconductor analogue to the photomultiplier tube. It is also based
on the physical concept of impact ionisation assisted by a band edge
discontinuity. In a staircase APD, however, the entire ionisation
energy may be acquired at the conduction band steps. Fig, 2.2
illustrates the staircase APD, along with its associated energy band
diagram.  Each stage is linearly graded in composition from a low
(Esl) to a higher (E 82) bandgap, with an abrupt step back to low
bandgap material. The conduction band discontinuity shown accounts

for most of the bandgap difference. The materials are ' chosen for a

conduction band discontinuity AEc comparable to, or greater than, the

electron ionisation energy E in the low gap material following the

step.

The band structure of the staircase APD under reverse biascél 1S

shown in Fig. 2.2c. Consider that a photoelectron is generated
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(b)

(c)

Fig. 2.2 Graded-gap staircase avalanche photodliode.
(a) schematic diagram
(b) energy band-&iagram under zero blas

(c) energy band-diagram under reversed bias
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next to the p° region. Under the combination of the biasfield F and
the grading field 4E/L (L 1s the width of the graded region), it
drifts towards the first conduction-band step. The effective electric
field in the graded region F-A4 EcIL is small enough so that the
electron does not impact ionise before it reaches the step [Williams
et al., 1982; Capasso et al., 1983]. After the étcp, since -AEC"—-: Eic,
the electron impact ionises; this ballistic ionisation process 1is
repeated in each stage. In this structure the valence-band steps are
of the wrong sign to assist ionisation. Thus any residual hole
ionisation can only be caused by the effective electric field in the
graded region, which is chosen so that holes cannot ionise them. For
electron transport across the graded region, the bias field must be
sufficiently high to cancel the AEc/L quasi- electric field and
provide a small extra component to assure drift rather than diffusion
transport. Ideally, only electrons impact ionise in this structure
and hence the multiplication process is virtually noise-free, even at

high gain. For long wavelength photodetectors, two material systems

are presently of interest: Al/GaAsSb/GaSb on GaSb substrate and HgCdTe
lattice matched to CdTe or InSb substrates [Capasso 1985].

A further feature of SAPDs 1is that carrier multiplication occurs
at discrete locations in the device - the narrow bandgap layers in
multiquantum well APDs and conduction band steps in staircase APDs -
leading to a reduction in the wvariability of the number of hole-

clectron pairs generated per photon. Thus these APDs can be

considered as a first step towards a solidstate photomultiplier,

analogous to a photomultiplier tube. Capasso et al. (1983) have shown

that the noise characteristics of staircase APDs cannot be calculated

17



using the conventional Mclntyre analysis [McIntyre, 1966] since the

latter assumes carrier ionisation to be a continuous process, as 1s
appropriate for CAPDs. Thus a discrete ionisation model is required
to investigate the noise characteristics of these advanced APDs. The

featurés of this model will be discussed in the following section.

2.4 Discrete Ionisation Model

The avalanche multiplication process in semiconductor devices has
usually been analysed wusing standard “continuous” device physics,
involving  differential or integral equations for position-dependent
multiplied carrier fluxes. For two-carrier multiplication processes
such as occur in Dbipolar devices, a detailed theory for the

multiplication factors and noise was given by Tager [1965] for the

case that ionisation coefficients of electrons and holes are equal,

and by Mclntyre [1966] for the general case that the ionisation
coefficients for electrons and holes are different. A simple theory
for the avalanche process in JFETs, where only majority carriers
participate in the multiplication process, was given later by van der
Ziel and Chenette [1978], although the result was known earlier to

Tager. In these papers it is assumed that the avalanche region is very
long compared to the mean free path for an impact ionisation to occur,
so that the number of ionisations per carrier transit is extremely
large. Only under these conditions can one justify the wuse of
continuous ionisation rates per unit length, afx) for electrons and
p(x) for holes. When the avalanche region is short the above theories
cannot be relied on. This was first observed by Lukaszek et al.

[1976] in which they showed that for low-breakdown-voltage diodes the
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number of possible 1onisations per carrier transit through the
avalanche region is often no more than onme or two. They used a rather
complex  statistical theory to derive new expressions for the
multiplication and the noise, presuming no more than one ionisation or
two 1onisations per carrier transit. = The theoretical results were in
good agreement with their experimental data. Experimental results
conducted by other works also support the discrete ionisation approach

in short avalanche region devices [Rucker and van der Ziel, 1978;

Campbell et al., 1989a].

Van Vet et al. [1979a, 1979b] have developed a comprehensive
analysis for the gain and excess noise in short avalanche region
devices. The theory involves consideration of the discrete
statistical process whereby N ionisations can occur per carrier
transit in the avalanche region. As N tends to o they recovered
Mclntyre’s results [1966] for continuous ionisation in CAPDs. Further
for N=1, which is applicable for submicrometer devices under the
influence of extremely high electric field, they recovered Lukaszek’s
results [1976]. Later Teich et al. [1986a, 1986b] found that the
theory of discrete ionisation processes developed by van Vliet and
co-workers 1is applicable to staircase APDs and other superlattice
APDs, assuming single ionisation per initiating carrier per stage.
For a N-stage SAPD the average gain and excess noise factor for pure

electron injection can be expressed as

N
— _ (1+p)” (p-u)
<Me> <g.,>

p(1+u)N+l _ u(l+p)N+l (2.1)
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(1-1/< g > )(p-u) - u(1+p) <g.> 1
F,=F, ‘1+‘—IW['D+U(TF_‘)J‘EI[_WJ“+T?_P]

(2.2)

where p and u represent the impact ionisation probability per stage

for electrons and holes respectively (assumed to be identical for

various stages). For N=1 eqns. 2.1 and 2.2 reduce to

<M > = L1FP - (2.3)

£ = 1+3p+3kp’+kp’ o (2.4)
‘ (1+p)° '

in accord with Lukaszek’s rcsult; [1976]. Here k=u/p. For
conventional APDs, we let Noo and set p=a.4x and u=pf.4x with 4x the
width of the stage and « and S the ionisation rates per unit length
for electrons and holes, respectively. ljsing these expressions for u
and p with eqns. 2.1 and 2.2, and letting 4x50 we obtain Mclntyre’s
results [1966] for uniform CAPDs:

1-k W 1 k
<M,> = ( )cg;) c[za ot (2.5)

F,= <M > [[1-0% [(<M°>-1)/<M°>]2]] (2.6)

-~

where W is the width of the avalanche region, k=p/a, and we make use
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of the relation [van Vliet et al. 1979b].

Lim [(1+p)/(1+u)]" = exp[W(a-5)] 2.7)

N-> 0O

It is also interesting to examine eqns. 2.1 and 2.2 for two
extreme cases according to the value of k: k=0 (very-low noise device)

and k=1 (high-noise device). For the first case we have
<g. > = (1+p)" (2.82)

F,, = [(1-p)/(L+p)[1+[1-(1+pY ™) (2.8b)

Note that F =1 in two cases p=0 and p=1 since the gain will be

deterministic. For k=1 such that u=p eqns. 2.1 and 2.2 reduce to:

<g > = 1/(1-Np) (2.9a)

N

F = (1-Np*)/(1-Np) (2.9b)

In order to address the general case, we plot in Fig. 2.3 the
gain of a SAPD as given by eqn. 2.1, as a function of p for different
values of k=u/p and number of stages N. This indicates that when k=0,
the average gain will increase without Ilimit for certain parameter
values (i.e. avalanche brcékdown will occur). We also know that as k
decreases, larger values of p are possible at fixed N before avalanche

breakdown occurs. From eqn. 2.1, avalanche breakdown will occur in a
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Fig. 23 Average galn associated with photogenerated carriers against

electron lonisation probabllity per stage.
. (a) k=0.0 (b)) k=0.001 (c) k=0.01
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SAPD if:

p(1+w)N*! < u@+p)"*' for p>u, u#0
or

u(1 +p)N+l =< p(1 +u) ! for p<u, p#0 (2.10)
or

p=1/N for p=u, u*0

For u=0 (or p=0) no avalanche breakdown will occur with a finite
number of stages. From the conditions of eqn. 2.10, the maximum

allowable value of p (for p>u) is presented in Fig. 2.4 as a function

of N. Note that Fig. 2.5 illustrates the variation of the excess

1.0 ‘ k=0
0.8
=
> 0.6
-TE 0.0001
=
g 0.4 0.001
o
=
0.01
0.2
0.1
1.0
0
0 S 10 15 20

number of stages N

Fig. 2.4 Maximum allowable electron lonisation probability per stage
versus number of stages.
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noise #factor of a SAPD as a function of electron ionisation
probability taking k and N as parameters. Note that even a small
non-zero value of k leads to a large increase in the excess noise
factor, especially when N is large. This is in accord with previously
published results [Teich et al., 1986a; Brennan, 1986c]. These results
provide a limit on the residual hole ionisation that is tolerable in a
SAPD. Brennan [1986¢c] has estimated k to be of the order of 10'_3 for
GaIlnAs/AllnAs doped quantum well devices with much higher values being

predicted for other structures [Brennan, 1985a}.
Teich et al. [1986a] have compared the gain and noise

characteristics of SAPDs with those for CAPDs and photomultiplier

tubes. They have also investigated the performance of optical
receivers incorporating these advanced APDs assuming both zero dark
current and negligible residual hole ionisation. In the next chapter
we will extend the existing analyses relating to SAPDs taking into
account the influence of these device impairments and investigate the
performance implications for optical receivers.

It should be noted that while the results developed in the
following chapters are based on staircase APDs, they are also

applicable to other superlattice structures in which the carrier

transport 1is perpendicular to the superlattice planes.  However, they

do not apply to the channelling APD [Capasso, 1982b, Brennan, 1985b]

in which the carriers are spatially separated by means of a transverse

field, with‘transport taking place in the plane of the layers.
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CHAPTER 3

DARK CURRENT CONSIDERATIONS

Rather high levels of dark current have been observed in many

superlattice APDs, fabricated by variety techniques, especially at
room temperature [e.g. Capasso et al.,, 1986; Allam et al.,, 1987;

Beltram et al., 1987]. This high level of dark current, associated
with the high gain of these devices, can lead to substantial
degradation in receiver sensitivity and it is therefore important to
analyse the influence of dark current in these structures. From the
point of view of receiver sensitivity we can decompose the dark

current into essentially three components :

() A surface component which, since it does not enter the

multiplication " process, can be taken into account as leakage current

associated with the front-end amplificf following the APD.

(b) Dark current components resulting from minority carriers
diffusing from the p* and/or n* regions into the depletion layers.

These will experience the same gain and excess noise factor as 1s

associated with photocarriers generated in the same regions,
(c) Dark current generated within the multiplication region

(i.e. in different stages), attributed mainly to tunnelling through

the various  heterointerfaces. In this case, the distribution of dark
current among the various stages must be taken into account in order
to deduce the total noise associated with this component.

In this chapter, we direct our attention to determining the
effective gain and effective excess noise factor corresponding to the
third component since it contributes predominently to the multiplied

dark current, [Capasso et al.,, 1986; Li et al.,, 1987]. The
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performance of optical receivers incorporating SAPDs is determined,
allowing for the influence Both of residual hole ionisation and dark
current components. The analysis is then extended to conventional
APDs to investigate the influence of dark current generated within the

multiplication region.,

3.1 Generalised Formulas for the Gain and Excess Noise Factor
Since thermally generated dark current ‘carriers may originate at

any position within the device, it is necessary to extend existing
analyses relating to gain and excess noise factor for photogenerated
current [e.g. Teich et al., 1986a] t04 include the position of the
initiating hole-electron pair.

Consider a hole-electron pair generated in the position A in the
device. This position will be labelled by A(), where j denotes the
number of possible ionisations which the initiating electron can
induce while moving to the n® region. Thus the primary hole can
induce N-j possible ionisations when moving to the p+ rcgion,' where N
is the total number of stages and a single 1onisation per initiating

carrier per stage is assumed. [Extension for more than one ionisation

is considered in detail in Chapters § and 6

Let p and u represent the impact-ionisation probability per stagé

for electrons and holes respectively, The average gain < g > and the

excess noise factor F‘j associated with hole-electron pair

at point A(j) are shown in Appendices A and B respectively to be given
by

initiation

<g> = <g,>Q" (3.1)
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F = QU F - 2(1-up) QY7 - ) ' (3.2)

; N (14u)*Q
where
Q = (1+p)/(1+u) | (3.3)

Here <g N and FN are, respectively, the gain and excess noise factor
associated with a hole-electron pair generated at the p’ region (i.c.

pure electron injection) and they are defined in eqns. 2.1 and 2.2.
It is instructive to examine eqns. 3.1 and 3.2 for two extreme

cases: u=0 (very low noise device) and u=p (high noise device). For

the first case (i.e. u=0) we have

<g> = (1+p) 1 (3.4)
F =1+ [1-1/(1 +p)][(1-p)/(1 +p)] (3.5)

from which we note that the gain and the excess noise factor depend
only on the number of stages crossed by the electron (i.e. j only).

Eqns. 3.4 and 3.5 are identical to the gain and excess noise factor

results for a j-stage device when u=0. This is anticipated since the

multiplication process is unilateral in this instance. @ For u=p eqns.
3.1 and 3.2 reduce to
<gj> = 1/(1-Np) (3.6)
F, = (1-Np")/(1-Np) . (3.7

and <g> and Fj are independent of the position of the initiating

hole-electron pair.

In order to address the general case, we consider first the

28



influence of the position of the initiating holc-qlcétron pair on the
gain and excess noise factor. Figs. 3.1 and 3.2 show, for a J5-stage
device, the variation of < g > and . Fj, respectively, as a function of
j, taking p and the ionisation rate ratio k (= wu/p) as parameters.
For p>u, the gain <g> decreases exponentially with the distance (i.e.
number of stages) from the p* region where the initiating hole-
electron pair generation occurs. For k=0 the excess noise factor Fj
decreases slightly as j decreases. This result may also be deduced
from Fig. 2.3a by replacing N by j since u=0. For k > O Fj will
behave in similar manner when p = 0.1 (Fig. 3.2a), but for large p it
increases strongly as j decreases (Figs. 3.2b and 3.2¢). For k=1,
both <gj> and Fj are independent of j as stated previously. Also from
these figures we see that for fixed j' both <'gj> and F ; increase with k.
An interesting point to note here is that for small value of P»
for example p=0.1, a lower noise device can be obtained when the less
strongly ionising carrier (hole in this case) initiates the
multiplication process, corresponding to the light being incident on
the n* region of the device. This is in marked contrast to the

Mclntyre theory [MclIntyre, 1966] for CAPDs. However, the reduction in

the excess noise factor in this case is small compared with FN and is

associated with lower gains; this does not, therefore, seem to be of

practical significance.

3.2 Noise-Variance Analysis of Dark Current

In staircase APDs and other supperlattice  structures, the

multiplication region is distributed across the stages and hence the

dark current carricrs generated in each stage will experience a

different gain and excess noise factor. In order to treat the dark

29



gain
~N
Q

Fig. 3.1

" .
¥ . . - . -
° 2]
5 % d
o k = 0.0 m k=05
x k = 0.1 « k=10
S A 3 2 1 0
position |
m
o k = 0.0
' ¢ k - 0.05
n
o k - 0.1 ( b )
a
3 n
-
») : " ) s
© 0 5 ;
5 4 3 2 o 0
position
. o k = 0.0
> ¢ k = 0.005 ( C )
X m k = 0.1
° "
X
© |
> "
. X -
5 A 3 2 1 0
position )

Average gain associated with hole-electron pair initiated at
position A(J).

(a) p=0.1 (b) p=0.5 (c) p=0.9

30



excess noise factor Fj
el ™

-

b — ~J jM
- LN P LU

N

excess noise facltor F

O

= s

¥ 5

excess noise factor F

Fig.

2 n » u n T
& X x )
° o p, [ 3 )
O k - 00 X k = 01
| k = 0.5 + K = 1.0
5 A 3 Z 1 0
position |
-
o k = 0.0
x kK = 0.05
m kK = 0.1 -
( b}
o
9
|| . X
x
X X f
5 A 3 2 1 0
position
=
o k = 0.0
x k = 0.005
m k = 0.01
® (c)
x
n
%
| " X
8 E : O o o
5 4 3 2 1 0
- position j

3.2 Excess noise factor associated with hole-electron pair
initiated at position A(J).

(a) p=0.1 (b) p=0.5 (¢c) p=0.9

31



current generated within the multiplication regionin a similar way to
photogenerated current we introduce the effective gain g, and
effective excess noise factor F_ . These differ from < g.> and F_ and

are chosen such that for the given primary dark current, if we treat
this as initiated at the p” region, the same values of average and

variance of dark current are realised at the output.

3.2.1 Modelling the Problem

Let X be the dark current generated randomly at the position

AQ)). This current will enter the multiplication process (which is
governed by the random gain gj) to give an output current Y, Let T

represent the total output dark current due to all stages, given by
N
I = ,Z.:.l Y, - (3.8)

In a similar manner the primary dark current I 4 can be written as

N
Id=):
j

If we assume that the individual dark current components are
statistically independent then [Cattermole, 1984)

X, (3.9)
1

N

<I > = Z l<yj> : (3.10)
J-
N .

SI) =) SO (3.11)

)=1
where S(.) denotes the mean square current spectral density. <y> and

S(y) can be expressed as [Teich et al. 1986a]:
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<y,> = <g><x> - | (3.12a)

S(y) = S(x)< gj>2 F (3.12b)

where a Poisson distribution for the thermally generated carriers
associated with each dark current component is assumed [Buckingham,

1983]. In eqn. 3.12b S(xj) is the shot mnoise spectral density

associated with xj:

S(x) = 2q<x> (3.13)

Here q is the electronic charge.

3.2.2 Effective Gain and Effective Excess Noise Factor

To treat the dark current in a similar manner to photocurrent
generated at the p* region we introduce the effective gain g, and
the effective excess noise factor F such that the same values of
<I > and 5(I1) are realised at the output. Hence

N
<I > Z.l <g><x>

ett . < d>=N - (3.14)
Z <x >
=1 )

L S ) E,:-l<xj><gj> F

0~ - 4 3.15

.-, 2q<ld>giff giff E <X> )

)= 1

For the case of individual dark current components in each stage
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having identical mean values, then eqns. 3.14 and 3.15 reduce to

y |
Bett I\ll 2:_1 <g~ (3.16)
N 2
N Z <g >°F
o o j
F = 22— - G.I7)
[): <g>T

) =1

With the aid of eqns. 3.1 and 3.2 the cxprqssions for g . and l=i"=ff
can be simplified further

_ S<By? [ 1-1/Q" ] - | (3.18)

. (Q°-DQF - 2(p-uQ”)(1+u)(Q""-1)
Q(Q+1)(Q"-1)

(3.19)

For N=1, and F . wil be identical to those of photogenerated

gcff
current <g > and FN respectively. Eqns. 3.18 and 3.19 can be examined

for two extreme cases.

(1) k=0

= 1%,%9- [(1+p)"-1] (3.20)
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F = Np 2(1+p) [(1 + +1] (1-p)(2 +p) (3.21)
(2+p)(1+p)* [(l+p) -1] '

(ii) k=1
B, = <8 > = 1/(1-Np) (3.22)
. _ 2
Fcff = F N (1-Np“)/(1-Np) (3.23)

In this latter case the dark current will behave in a similar manner

to photocurrent generated in the p* region.

Figs. 3.3 and 3.4 show g and F_ respectively as a function
of p for different values of N and k. Curves corresponding to <g,>
and FN (solid lines) are also shown for comparison. These results
indicate that Ifor N>1 the effective gain g experienced by dark

current 1s always less than that for photogenerated current <g.,>>

while the effective excess noise factor Fm is higher than FN
especially for high values of p. Also both g, and F_  increase in
general as a function of p, k and N. An interesting point to be noted

1s that even for p=1 and k=0, representing a noiseless device for
photocurrent (since Fj=l), for dark current F__ will be greater than

1 for N>1 since <g> i1s a function of j. From the above discussion it
1s clear that the effect of dark current on the performance of SAPD

receivers increase with p, k and N since these contribute to higher

values of g, and F

3.3 Calculation of Receciver Sensitivity

Teich et al. (1986b) have calculated the bit error rate (BER) for

a staircase APD receiver, with k=0, neglecting the dark current, using
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the electron counting distribution and assuming maximum-lil‘:chood
detection. n They showed that such a receiver Wili exhibit improved
sensitivity compared with CAPD receivers with identical gain and
circuit noise. In this section we will discuss the influence of dark
current on the performance of these new APD receivers taking into
account the effect of residual hole ionisation. We shall make use of
Personick’s approach [Personick, 1973; Smith and Personick, 1980]

based on a Gaussian noise approximation.  Although it is an

approximation, there is a wealth of evidence available in the

literature * substantiating it as accurate when 1t is compared with

exact methods [Personick et al., 1977; Fyath and O’Reilly, 1989d].
Exact calculations based on a gain moment generating function
formulation will be discussed in Chapter 7. Further we shall assume in
the subsequent analysis that the gai.n-bandwidth product of the diode

iIs extremely high, such that it is not a limiting factor receiver
performance. This effect will be considered in Chapter 8.
The receiver sensitivity P, expressed in terms of the average

detected optical power required at the receiver input for a desired

error rate, is given by [Smith and Personick, 1980]:

P = Q"hv QqgBIF. + (<ii> + <i’ >)"
n q oq 1 N lna lnd ) <gN> (3'24)

where 7 is the external quantum efficiency of the detector, hy is the

photon energy, Q is a parameter related to the desired bit error rate

O

— —10°2 2 : , _
(Q =6 for BER=10") and <1 > 1is the input equivalent amplifier mean

square noise current at the given operating bit rate B. The parameter

+2 . ¢ .
<1 > represents the dark current noise contribution:
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o2 . ) 2
<14 = 2qBLII +1,,<g>"Fy + 1, B¢ Foyl (3.25)

where I~ is the surface dark current that does not experience the
multiplication process, I 14 is the diffusion darﬁ current, owing to
minority carriers thermally generated outside the multiplication
region, and 1 i is the dark current component generated in various
stages and is associated with effective gain g .. and effective

excess noise factor F‘=lrf as given by eqns. 3.18 and 3.19 respectively.

The amplifier noise <i:‘> for a FET amplifier is given by [Smith
and Personick, 1980].

27C )*
.2 ~ 4K@ r ( ¢ 3

<i > [KL_ (1+ ER—L) + 2q 13] IzB 4+ 4Ko0r 7 13B (3.26)
where 1/f amplifier noise 1is neglected. Here K 1s Boltzmann’s

constant and 6 is the absolute temperature.  Other parameters are

defined in Table 3.1.

The parameters I, I, and I, appearing in the above equations are
weighting .functions which are dependent only on the shapes of the

optical pulse at the input to the receiver and the equalised output

pulse [Personick, 1973].

3.4 Performance Assessment of SAPD Receivers
Illustrative results will be presented for a 2 Gbit/s receiver

operating at A1 = 1.5um.  The receiver sensitivity is estimated for

BER=10" at room temperature (300K), and assuming 50% return-to-zero

(RZ) input format and full raised-cosine output signal specttum. The

receiver parameters used in the calculations are listed in Table 3.1.

The equivalent input noise current spectral density of the amplifier

is estimated to be 2.124 pA/Hz'?
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TABLE 3.1 .

Parameters of APD/FET receiver used as thebasis for sensitivity

calculations.

Parameter Value
Wavelength, A | 1.5um
FET gate leakage current, Ig 2nA
FET transconductance, g_ 40mS
FET noise factor, I’ 1.78
Receiver input capacitance, C | 1pF
Load resistance, RL 22k(2
Personick integrals for 50% I 0.5
return- t o-zero (RZ) input format I, 0.403
and raised-cosin output signal I 0.0361
spectrum
Temperature, 0 300K

3.4.1 Effect of Number of Stages

In this section we look at the effect of the number of stages N
on receiver sensitivity. Fig. 3.5 shows the variation of receiver
sensitivity #P as a function of APD gain <g,> for two values of N,
i.e. 5 and 10, and assuming zero dark current. At low values of k (0
and 0.001) a better op;imum sensitivity can be obtained with the
10-stage SAPD, while as k increases, the S5-stage device offers a very
slightly improved performance. Note that the S-stage SAPD will have a
wider bandwidth compared with N=10 device since the bandwidth is

inversely proportional to the number of stages, all other factors
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Fig. 3.5 Recelver sensitivity mP as a function of APD .galn <g 2,

assuming zero dark current.
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being equal [Matsuo et al., 1985]. Fig. 3.5 also indicates that at
lower values of k (e.g. 0 for N=10 and less than 0.01 for N=J5) there
is no optimum gain at which the detectable optical power for a given
BER 1s minimum. Hence the diode continues to give improved
sensitivity as the gain increases so that the optimum sensitivity will
occur at p=1. For higher values of k there is an optimum gain. This
is owing to avalanche breakdown associated with higher values of

ionisation rate ratio, leading to a strong increase in the excess
noise factor as the gain increases.

We arc unable to present a general expression for the optimum
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gain <g > _, but it can be shown that for k=1 and neglecting all dark

pt
current components

1/2
<g>, = [WN—I] for N> 1 (3.27)

and the value of the electron ionisation probability per stage at

which <g N o OCCUTS is given by:

P

p,, = (1-1<g> )N (3.28)

opt

3.4.2 Effect of Ionisation Rate Ratio k

From the previous section, it is clear that for single carrier
multiplication (i.e. k=0), the sensitivity increases with N for fixed
p, a behaviour similar to that for a photomultiplier tube, while for

k>0 this is not always the case. Here we shall investigate the

influence of residual hole ionisation on system performance for

different values of N. Three values of N are considered, i.e. 1, 5

and 10. The single stage SAPD (N=1) has attracted attention recently
as high aspeed photodiode with low excess noise-to-gain ratio
[Hollenhorst, 1986; Jindal, 1987].

Fig. 3.6 presents the variation of receiver sensitivity as a

function of hole-to-electron ionisation probability ratio k, assuming
both zero dark current and 100nA dark current generated uniformly in

the various stages. The gain of the diode is adjusted for each set of

parameters to give the best attainable value of sensitivity, If we

compare the different curves, the following can be stated:

(i) As k increases the sensitivity degrades for the 10-stage SAPD,

while it improves for a single stage device. For N=5 there is a
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Fig. 3.6 Recelver sensitivity nP against ionisation rate ratio k.
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certain value of k where the sensitivity approaches the best value,
and this can be explained with the aid of eqn. 3.24. If we neglect
the dark current for a moment, the receiver sensitivity nP is the sum
qf two terms: one directly proportional to FN, and the other inversely
proportional to <g >. As k increases, both F_ and <g,> increase, but
to different extents. It is worthwhile noting here that the behaviour
of the 10-stage SAPD is identical to that of a conventional photodiode
[Smith and Forrest, 1982; Muoi, 1984].

(i1) At lower values of k, the best sensitivity can be obtained with

N=10. For high values of k, near 1, a single stage dcviéc offers the
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best performance.

(iii) The -10-stage device 1is more significantly affected by 'dark
current, especially at low values of k.  For the N=l receiver the
influence of dark current is negligible unless k is near 1. This is
clear from Fig. 3.7 which 1s a plot as a function of k of the
sensitivity penalty due to 100nA dark current.

(iv) Although a single stage SAPD is wuseful for high speed
operation, 1t will not offer a significant advantage over a PIN diode
unless k is high. In this case, the best sensitivity can be obtained
when both k and p approach 1, which requires ballistic injection of

carriers across the gain region [Hollenhorst, 1986].

S
A
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=
N
> I N\
— / S
2 2 / ~
Q) ’ \"\ »
= / S
/ ~ __¢
/ .
-7 :
| pr———— " :
0 . .--.!
103 10-* 10-3 10-2 10-1 1.0

ionisation rate ratio k

Fig. 3.7 Degradation in recelver sensitivity owing to 100 nA dark

current generated uniformly in the different stages.
....... =1 — == == N=§ N=10
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The optimum gain <g > _ and the optimum jonisation probability

pt
per stage p used in the previous calculations (Fig. 3.6) are given
in Figs. 3.8 and 3.9 respectively. At lower values of k, a higher
optimum gain is required for the 10-stage device. Note that for N=l1,
<8y o increases with k in contrast to the N=10 case. The existence
of dark current reduces the required optimum gain for the range of k

where avalanche breakdown occurs. Note also that < g > usually

pt
occurs, as in CAPDs, in the vicinity of the breakdown region, hence

additional circuitry must be used with these APDs to ensure stable

operation in the presence of temperature and voltage variations.

3.4.3 Effect of Various Dark Current Components

In the following, we will predict the sensitivity degradation for

various dark current components.  The effect of unmultiplied dark

current, such as surface leakage current 1 40 1S In general not

significant compared with multiplied dark current components.  Also,

its effect can be taken as a leakage current associated with the
following amplifier, i.e. its effect added to <ii.>. Here, we focus
on I i and I 44 components.

Fig. 3.10 compares the relative multiplication noise spectral
density associated with both dark current components on the 10-stage
SAPD, using k as a parameter. When k=0, the multiplication noise due
to I 1s greater than that for I ,, Of the same mean value, at all
values of diode gain <g,>- As k increases the difference reduces, and

it vanishes at k=1. Note that at k=1, the gain and excess mnoise

factor are no longer dependent on the position of the Initiating

carrier.

Fig. 3.11 displays the sensitivity against dark current for the

10-stage SAPD. Notice that for all values of k<1, I

dd 1§ more
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Fig. 3.11 Effect of dark current components on sensitivity of optical
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significant than I , and the difference between ‘rcccivcr sensitivity
obtained when 1 y dominates, compared with the case when I iy 1S
dominant, increases with the mean value of dark current. Figs. 3.12a
and 3.12b compare the performance of N=5 and N=10 SAPD receivers under
the influence of ©both dark current components I i and I i’
respectively. It is clear that the value of k, after which the
10-stage device gives no significant performance improvement over that
for the S5-stage device, depends on both the average value and the type

of dark current component.

3.5 Performance of Single Stage SAPD Receiver

Recently new APD structures have been proposed [Hollenhorst,
1986; Jindal, 1987] in which the avalanche multiplication can be
achieved with only one ionising collision per traversal of the primary
carrier through the device (i.e. N=1). Hence high speed and low noise
operation can be achieved even with equal hole and electron ionisation
probabilities. Moreover, such devices can offer improved sensitivity
as k tends to 1 as seen from section 3.4.2. In the following we will

investigate further the impact of using such advanced APDs in optical

recelvers.

The average gain and the excess noise factor associated with

a single stage SAPD (for pure electron injection) can be expressed as

1+
_<M°> = <g > =n§—2 (3.292)

2 3
F = = 1+3p+3kp’+kp

e N (1+p) (3.29b)
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3 _ 1 L .
Note that for k=1, Fc = 2 - —<—M:> which is exactly the same function of

gain as that for a CAPD with k=0. The noise properties of these new
APDs have been investigated by Hollenhorst (1986) and Jindal (1987).
Here we shall turn our attention to receiver sensitivity., It can be
shown that the receiver sensitivity is 1mproved as p increases for
fixed value of k and dark current. Hence the best attainable

sensitivity occurs at p=1 leading to:
<M > = 2/(1-k) (3.30)

F = 1+k | (3.31)

-

The optimum sensitivity for zero dark current can be expressed as

Q hv

(P),, = —— [ A+WA + (1-R)<ii >"/2 ] (3.32)

where A=Q0qBIl. Thus for k»l, (ryP)Wt = 2Q hvA/q independent of the

amplifier noise since the gain tends to an extremely large value.
Eqn. 3.32 indicates that the optimum sensitivity varies linearly with

k. Hence we can usefully discuss three cases (see Fig. 3.13);
: 2 _ 17 : . _ .
(1) <1 > = 2A, which gives (nP)Wt = 2Q hvA/q independent of k.

(ii) <izm>"2 < 2A, for which the sensitivity degrades as k

increases. This behaviour is identical to that for a CAPD. Note i1n

this case that a very small value of k is required for best

performance.
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i) <i®>" > 2A, for which the sensitivity improves as k
increases, and the best performance can be obtained ﬁs k-»1. This case
requires ballistic injection of both carriers across the gain region
to achieve p=k=1 as proposed by Hollenhorst [1986].

Note that (i) can offer the best performance among the three

cases at k=0, but it requires an extremely low noise amplifier. If we
consider a 2 'Gbit/s receiver operating with S0% RZ input format and

full raised-cosine output signal, the amplifier 1nput noise density

must be less than 4.3x10% pA/Hz'?, which is very difficult to

achieve practically.

minimum detectable power (nP ),

2 Qhvy A/q

0 | 0.5 1
ionisation ratio Kk

Fig. 3.13 Varlation of optimum sensitivity of the new APD receiver
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To illustrate the foregoing analyses, we consider the 2 Gbit/s
receiver described in section 3.4. Fig. 3.14 presents the sensitivity
versus the ionisation ratio k for both zero and 100nA dark current.
Results for a CAPD receiver are also shown for comparison. In these
calculations the gain of the APD 1is adjusted, for each set of
parameters, to obtain the optimum sensitivity. The sensitivity of the

new APD receiver improves with increasing k, in contrast to a CAPD,

although , at fixed k and dark current, the Ilatter offers better
sensitivity  except at high values of k (e.g. k>0.7 for zero dark
current).  The existence of dark current affects only very slightly
the sensitivity of the new receivers unless k is close to 1. This is
clear from Fig. 3.15 where the sensitivity penalty due to 100 nA dark
current 1s given as a function of k. Again the penalty is an
Increasing function of k, in contrast to 1thc behaviour of a CAPD.

It 1s worth noting here that since most CAPDs sensitive to the
wavelength range 1.3-1.6 um have in general ionisation rate ratios
around 0.3-0.5, they can lead to a better receiver sensitivity
compared with the new APD structures except when k for the latter
devices is made very large (k>0.9). Thus from a practical point of
view we conclude that the only advantage to be gained from these
advanced APDs is the high speed of operation due to the short length
of the avalanche region [Hollenhorst, 1986; Jindal, 1987].

3.6 Performance Degradation of CAPD Receivers due to Dark Current

Generated within the Multiplication Region

Several theoretical studies have been reported on the influence

of dark current on the performance of CAPD receivers [e.g. Personick,

1973; Mazo and Salz, 1976; Smith and Forrest, 1982]. It has generally
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been assumed that dark current is generated outside the avalanche
region (diffusion type), where it can be -modelled by an equivalent
photocurrent source in the absorption layer. It is not then necessary
to consider the positional distribution of dark current outside the
multiplication region since all the initial hole-electron pairs are
subject to the same random gain process. However, experimental
studies show that the average gain and excess noise factor associated
with dark current are different from those of photogenerated carriers
since some of the dark current carriers are thermally generated within
the multiplication region [Brain, 1979, 1981; Knabe and Grosskopf,
1980]. Also Knabe et al. [1981] have observed experimentally that Ida
could be more significant than I 4q 1D some germanium APD structures.

For more substantial analysis of the influence of dark current
I, 1ts distribution within the avalanche region must be considered

since the gain and the noise associated with a hole-electron pair
initiated at the avalanche region exhibit positional dependence.
Recently Fujihashi [1987] has studied the effect of this type of dark
current, with the restriction that its rate of generation is
proportional to the electron ionisation rate at the same position.

Hence the excess noise factor for dark current is given in a form

similar to the signal multiplication noise.

In this .section we analyse the dark current generated within the

multiplication region for CAPDs by applying the same approach used

earlier to investigate the dark current in SAPDs. In this treatment

I is replaced by an equivalent photocurrent source in the absorption

layer, but has associated with it effective average gain and effective

excess noise factors, which differ from those for photogenerated

current, to include the position-dependence of both the random gain
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and the primary dark current distribution in the high field region.
The theory is then applied to a uniformly multiplying APD (p-i-n
avalanche photodiode) in which the dark current 1s taken to be

uniformly distributed within the avalanche region.

3.6.1 Theory

Consider a reverse biased APD in which the high-field region
extends from x=0 to x=W as shown in Fig. 3.16. The direction of the
electric field is such that the electrons travel in the positive x
direction aﬂd the holes travel in the opposite direction, as shown,
The electrons and holes traversing the high-field region have impact

lonisation  probabilities per unit length equal to « and §S,

electric field
N —

,(0) . [(W)
e
h
ol
I,(0) L (W)

Fig. 3.16 Schematic diagram of the high-field region of APD.
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respectively, which are functions of the eclectric field. @ The spectral
density of the noise generated in the APD can be calculated for any

distribution of the injected carriers [Mclntyre, 1966]:

W
= 2q [ 2 [Ia(O).Mz(O) + LW.MW) + [ Rg(x).M’(x).dx]
0

W
+ 1 [[ a(x).M*(x).dx - M’(O)] ] ‘ (3.33)

0

where Io(O), Ih(W) are the electron and hole currents entering the
depletion region at x=0 and x=W, respectively, Rg(x) is the rate per
unit length at which the hole-electron pairs are generated (thermally
and/or optically) in the depletion region, and M(x) = <g(x)> is the

average gain associated with a hole-electron pair initiated at

position X:

cxp[ }’ (x-f) dx’]

= < (3.34)
1 - [ B exp [ [ (a-B) dx"]dx’
g ,

X

M) =

Further, I 1is the total current (including multiplication) flowing
through the diode

W

I = 1(0).M(0) + I (W).M(W) + [ R ®).M@) dx (3.35)
0O

Let us concern ourselves with dark current generated within the

depletion region. By setting IO(O) = Ih(W) = 0 and assu}ning R (x) is
g
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due to thermal excitation, eqn. 3.35 reduces to:

W W
& =2 [ 2[ R ().M'®).dx + [ [ Rs(x).M(x).dx].
0 0
W
[2 [ ) M'®).dx - M’(O)]] (3.36)
0

where & is the noise spectral density associated with dark current

da
generated in the region 0 <x<W. The primary dark current will be given

by

W
I = I R (x).dx (3.37)
0

while the mean value of the dark current at the output

W
). = | R(0).Mx).dx (3.38)
0

We may replace the distributed dark current by an equivalent
photocurrent source in the p” region with the same mean value I " by
introducing an effective average gain M . and effective excess noise
factor F defined by

Mcff = geff = (I ) /I

da'out da

or
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W \, 4

M = [ [ Rg(x).M(x).dx]/[ [ Rg(x).dx] (3.39)
0 0
and
Feff = ¢da / (qudaM:ff)
or
W W W
F = [ ( Rg(x).dx] [2 [ R 00.M@).ax + [ [ Rg(x).M(x).dx].
0 0 0
w W 2
[ 2 I a(x).Mz(x).dx - Mz(O)]] / [ I Rg(x).M(x).dx] (3.40)
0 0
Eqns. 3.39 and 3.40 are general expressions for M and F

associated with dark current distributed in the multiplication region.
Evaluation of these parameters requires information on Rg, a and B as
functions of position x.
We will consider specifically the following three cases:
(i) The hole and electron ionisation coefficients are equal [i.e.

a(x) = B(x)]. Hence

W

M = 1/[ 1 - I a(x).dx] (3.41)
0

Fo = Mg (3.42)

These results  are the same as for photocurrent injected into the

depletion region [Tager, 1965; Mclntyre, 1966], since the gain is no
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longer a function of x.

(ii) Let Rg(x) be given by a delta function located at x=0 (i.e.
Rg(x) = Ro.é(x), where J(.) is the Dirac delta function) then eqns.
3.39 and 3.40 reduce to the same expressions given by Mclntyre [1966]
for electron current injected into the depletion region at x=0.

(iii) If the dark current is generated uniformly along the

multiplication region [i.e. Rs(x) = R, independent of x], then

W
M, = 3 [ Mx)dx (3.43)
0
W w W
2 I Mz(x).dx +[ I M(x).dx][ 2 I a(x).M(x).dx - Mz(o)]
F = 0 0 0

eff
W

& [ [ M(x)..dx]2

0

independent of R, the rate of generation of dark current Eqn. 3.43

corresponds to the expression given by Howard [1962] for the
multiplication for space-charge generated current in an APD since the

conditions assumed in both cases are identical.

3.6.2 PIN Avalanche Diode

To compare the noise properties of distributed dark current with

those of diffusion type (or injected electron) current, we consider a

p-i-n diode in which the electric field is constant within the

depletion region such that o and A are no longer dependent on x. For

diffusion electron dark current, the gain <M°> =M(0) and the excess
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noise factor F will be given by eqns. 2.5 and 2.6 respectively. For

dark current generated uniformly in the depletion region, eqns. 3.43

and 3.44 reduce to:

1-exp [-aW(1-K)]
M - —E&PWZ%'B—L M(0) (3.45)

where k = B/« is the ionisation rate ratio. Or

M, = zwig MO - M(W)] (3.46)

since M(W) = M(0) exp [-aW(1-k)] for a p-i-n structure. Also

b - aW(1-K)M (0) .M(W)

. (3.47)

or

_ M (0).M(W
Foe = ‘TgI_L(_l (3.48)

off

Fig. 3.17 shows the variation of the average gains <M > and M,

as a function of oW for different values of ionisation rate ratio k.
This figure indicates that the effective gain experienced by the dark
current generated within the high-ficld region is less than that for
diffusion dark current <M >, when Osk<1. This is in agreement with
previously published experimental results [Kanbe et al., 1981]. The

difference between <M°> and Meff is higher for k=0 and reduces to zero

at k=1. For k<1, M will be greater than <M°> since the carriers of

lowest ionisation rate are injected into the multiplication region to

initiate the avalanche process. This is undesirable -for practical
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Fig. 3.17 Average gain of PIN avalanche photodiode as a function of
aW.

<H,_.> - Heff

APDs since it results in higher signal-multiplication noise. It will

thus not be considered further. An interesting point to be noted here
is that both <Me> and Meff tend to infinity (avalanche breakdown

occurs) at the same value of aW, at fixed k (see eqn. 3.4J5).

The excess noise factors Fand F_ are compared in Fig. 3.18.
It is clear that F__ is higher than F especially at higher values of
W, when 0<k<1l. Agan "thc difference between the two parameters is a
decreasing function at k. Fig. 3.19 shows that F _ is higher than 3

when the average gain <M > 1s less than 4 for all values of k< 1. Once

again, the higher excess noise factor associated with dark current is
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Fig. 3.18 Excess nolse factor of PIN avalanche photodiode as a

function of oW. F - Feff

in agreement with experimental results [Brain, 1981; Knabe et al.,
- 1981].

To investigate the performance degradation caused by various dark
current components, we consider a 2 Gbit/s receiver operating at
A=15um with an amplifier equivalent input noise current density of
2.124 pA/Hz', as described in Section 3.4. Fig. 3.20 shows the BER
curves for different values of dark current. Two values of k are
considered, k=0.025 which represents a low noise APD and k=0.5 which

is a reasonable value for APDs made from 1II-V semiconductor

compounds. It is clear that diffusion dark currept affects the
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Fig. 3.19 Dependence of excess nolse factors Fe( solid) and Feﬁ.

(broken) on APD gain <Me>.

receiver sensitivity more than does 1 1’ especially when k=0.025. In
addition, it has been found that the difference between the
sensitivity for the receiver with I, and that with I y 1S an
increasing function of the mean value of dark current, at fixed k
[Fyath and O’Reilly, 1989a].

Fig. 3.21 shows the variation of the receiver sensitivity with
APD gain <Me> for different values of k. The optimum gain is reduced
when dark current exists, but the reduction is greater for diffusion
dark current at fixed k. For k=0.5 the difference between the optimum

gains for the two types of dark current is small.
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Fig. 3.20 Bit error rate (BER) versus recelver sensitivity.
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Fig. 3.21 Recelver sensitivity as a function of APD gain.

Idd=Ida=0 —— - Idd=0' Ida=50 nA

== Idd=50 NnA, Ida=0

It is clear from the above discussions that for APDs with low k

values (e.g. silicon APDs), care must be taken to distinguish between

thetwo types of dark current. For germanium and III-V APDs however,

where k>0.3 in general all dark current can reasonably be treated as

if it was of diffusion type since the effects of both types of dark

current are almost the same in these cases.

3.7 Summary

Formulas for the gain and excess noise factor have been derived

for superlattice avalanche photodiodes (SAPDs), - taking into account
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the position of the initiating hole-electron pair. This has enabled
the effective gain and effective excess mnoise factor for the dark
current (generated in the various stages) to be determined. The
performance has been investigated of optical receivers incorporating

SAPDs allowing for both residual hole ionisation and different

components of dark current., It has been shown that at low values of

hole-to-electron iomisation rate ratio k, a SAPD with a larger number
of stages will give improved sensitivity, -but will be influenced

significantly by dark current. As k increases, best performance (high

sensitivity and wide bandwidth operation) is obtained with a smaller

number of stages.

The analysis has been extended to accommodate conventional

avalanche photodioes (CAPDs). General formulas have been presented

for the effective gain and effective excess noise factor associated
with dark current generated within the multiplication region of CAPDs.
The expressions have been used to study the influence of dark current
on the uniformly multiplying APD receiver. The results show that dark
current generated within the multiplication region has less influence
on system performance than does diffusion dark current of the same
value, especially when k is very small. As k increases towards 1, the

difference between the ecffects of the two types of dark current is

reduced, approaching zero at k=1.

The analysis of SAPDs given here is applicable for staircase APDs

assuming that the electrons ionise at the steps only while the holes

ionise within the graded regions, as proposed by Capasso et al.

[1983]. In the next chapter the analysis is extended, in order to

consider the effect of carrier (electron and hole) impact ionisations

both in the graded regions and at the steps. The modelling procedure
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adopted represents an expedient simplication, selected to render

tractable a complex subject, and tailoring potential physical

device models leads to consideration of three extreme cases.
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CHAPTER 4

PERFORMANCE OF STAIRCASE APD RECEIVERS

The analyses of the performance of a staircase APD are usually
based on the assumption that the effective electric field in the
graded-gap region is sufficiently small that the electrons do not
impact ionise before they reach the step, while the holes will not
ionise at the step since the value of the valence band discontinﬁity
(AE) is small and of wrong sign to assist hole ionisation [Capasso
et al., 1983]. Under these conditions, with electrons ionising at the
steps only and holes impact ionising at a very small rate due to the
residual electric field in the graded regions, the theory of discrete
impact ionisations [van Vliet et al., 1979a; 1979b] can be applied
directly by _trcating, as an approximation, both the graded region and
the step as a single stage.

In general, however, there could be in principle finite but
different probabilities for electrons to ionise both at the steps and
in the graded regions and similarly, with different probabilitics, for

holes. It 1s appropriate, therefore, to develop analyses to encompass

this situation, We do so initially without reference to specific
physical device models seeking to provide a flexible general
frame-work for subsequent study of practical cases. Three extreme
cases will be identified depending on the material and the structure
of the diode. The results indicate that electron ionisation in the
graded region can lead to improved receiver sensitivity provided the

residual hole ionisation in both the graded region and at the step is
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kept to an ultralow value.

It is worth noting here that while the analyses given in the

following sections are applied specifically to the staircase APD, they

can be also used to investigate other superlattice APDs.

4.1 Modelling Assumptions

From practical considerations different assumptions are required
to relate discrete probability models to physical device models. The
modelling procedure adopted represents an  appropriate expedient

simplification, selected to render tractable a complex subject;

tailoring this to potential physical ~device models leads to
consideration of three extreme cases, as follows:

Case 1: Here it is assumed that when an electron impact ionises
at the step, it and its associated secondary electron will also have
the  possibility of causing ionisation  with  relatively  small
probability within the next graded region. The above conditions are
satisfied if the electron, injected at zero energy into the graded
region, can gain the required ionisation energy from the effective

electric field therein. In other words, the collision-free mean path

D is less than the width L of the graded region (see Fig. 2.2):

D <L

(4.1)
where
. E (D)
v = [qF-0E Jax]-<n>E, (4.2)
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Here, E (D) is the electron ionisation energy in the graded region at
distancc- D from the previous step, F is the applied electric field,
dE /dx 1s the quasi-electric field intensity expressed as the gradient
of the conduction band discontinuity, <n> 1is the average number of
phonons emitted per unit length, and BP is the phonon energy. Thus,
eqn. 4.1 is satisfied when the length of the graded region s
relatively large, or when the staircase APD is made from a materal
system of low ionisation threshold such as InAsSb.

Case ii: It is assumed here that if an electron impact ionise at
the step, it may still further impact ionise at the following graded
region but .that there is no chance of the secondary eclectron generated
at the step causing ionisation within this graded region. These
conditions may occur in a staircase APD made from material in whi