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Abstract

Each year, the flow of Internet data around theldvancreases exponentially.

Therefore, each year, telecommunication companiest irmprove data management
and develop new high speed optical network compisném non-coherent detection,
InGaAs p-i- n diodes are used in the detector mexlidr 40 to 100 GB/s networks.

Sparate Absorption-Multiplication (SAM) avalanchénopodiodes are a major
improvemnent from p-i-n diodes, in which light ahsiton and avalanche gain
occurs in different parts of the APDs. Unfortuttecommercial SAM APDs
employing InGaAs/InP, and more recently InGaAs/ih#| are unable to provide
sufficient bandwidth with appreciable gain at 40/$Génd higher. This is due to their
low gain-bandwidth product (GBP).

SAM APDs with w < 50 nm and negligible tunnellingreent can potentially raise
the GBP from 200 GHz to 1 THz, boosting the perfanoe of next-generation Th/s
Direct Detection systems. A new wide-band gap nedieklAsSb, has been chosen

as a suitable candidate to replace InAlAs.

In this thesis is summarised data taken from ARBxAs0.56Sb0.44 (x = 0, 0.05,
0.1, + + 0.15) p i n diode structures. It is in@ddall results obtained for I-V, C-V,

avalanche gain, spectral response, and temperatependence of avalanche
breakdown. Also, is presented a study of sevetatratives when carrying out the
mesa step fabrication process, in order to achiew®rm avalanche gain across a

given sample.
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Glossary of terms

Photon energy

Energy bandgap

Wavelength

Cutoff wavelength

Avalanche photodiode

Separate absorption multiplication
Excess noise factor

Multiplication factor

lonisation coefficient ratio
Effective ionisation coefficient ratio
Electron ionisation coefficient
Hole ionisation coefficient
Avalanche region width

Probability distribution function
RC limited bandwidth

Transit time

Transit time limited bandwidth
Diffusion time

Diffusion time limited bandwidth
Gain bandwidth product
Current-voltage
Capacitance-voltage

Absorption coefficient

Optical power

Reflectivity

Theoretical responsivity
Measured responsivity

lonisation threshold energy for electron
lonisation threshold energy for hole
Electric field

Pure electron initiated gain



M Pure hole initiated gain

Chd Temperature coefficient of breakdown voltage
Vbd Breakdown voltage

T Temperature

N; Mean square noise current
N Corrected noise power

N Measured noise power

B Effective noise bandwidth
lor Primary current

de Dead space for electron

dn Dead space for hole

q Electron charge

G Junction capacitance

&o Vacuum permitivity

& Dielectric constant

Ow Depletion width

A Device area

n Ideality factor

lq Dark current

lo Saturation current

Ks Boltzmann’s constant

Rs Series Resistance

ltunn Tunnelling current

m* Effective electron mass

h Plank’s constant

Vv Applied voltage

SMU Source measure unit

AC Alternating current

DC Direct current

LIA Lock-in Amplifier

Jor Generation recombination current density
Jd Diffusion current density
Lo Diffusion length of minority carrier
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ICP
BCB
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Phase of measured signal
Phase of reference signal
Photocurrent
Transimpedence amplifier
Transmission line model
System resistance

Contact resistance
Semiconductor resistance
Device under Test

Molecular beam epitaxy
Diameter

Scanning electron microscopy
Inductive coupled plasma
B-staged bisbenzocyclobutene
Semi-insulating

Conduction band discontinuity
Gradient of noise power versus photocurrent
Single photon avalanche diode

Phonon occupation number
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1. Introduction

1.1Background

Photodetectors are an important class of optoeleictdevices that play an essential
role in many applications, such as CCD cameras;odar scanners and position
sensors. The electronic properties of photodetectsuch as photocurrent in a
photoconductor or photovoltage in a photovoltaited®r, undergo change as a
result of incident light. The functioning of a pbdtode entails three stages:

a) Generation of free carriers due to incident light.

b) Movement of the free carriers, and possibly somereot-gain

mechanism, giving rise to photocurrent.
c) Interaction between the photocurrent and an exteirauit to provide an

output signal.

Most commercial photodetectors consist of semicotuds, such as photodiodes and
phototransistors. In a photodiode, photons thateh#&een absorbed in the
semiconductor are converted in electro-hole painese photo-generated carriers are
then accelerated by an electric field within theotokliode, producing a current
through it. The current is proportional to incideptical power. On the other hand,
phototransistors usually take the form of a bipafansistor that employs light to
generate a photocurrent, using the internal treor&scurrent gairhy. to amplify the

generated photocurrent.

The energy band gap(skg of the semiconductor(s) employed within the
photodiodes determines the wavelength range dfgheto which they will respond.
Ey can vary from a few eV down to several meV. Byngdifferent semiconductor
materials, it is possible to produce photodiodesisi®e to different ranges of light,
from deep UV to far infrared. For example, semiaastdrs like Si, Ge, GaAs, InP,
InGaAs, AlGaAs and InAlAs has been widely used #bricate commercial

photodiodes.



1.2 Avalanche photodiodes (APDSs)

It is possible to incorporate some form of gain hagsm into the photodiode to
increase the photo-generated current. External iiempl can usually provide a
certain amount of gain, but this is at the expeasfseduced signal to noise ratio for
the overall detection system in those cases winer@ptical signal has a low input
power. Where the system requires high amplificatadnthe signal, avalanche
photodiodes (APDs) can provide this via their avele gains, which are the end

result of successive impact ionisation events.

In an impact ionisation event, a carrier travellmlgng a high electric field gains
enough energy to enable it, upon collision withidatatoms, to release a portion of
its energy to promote an electron from the valebaed to the conduction band,
generating a new electron-hole pair. Impact ioresatoefficientsg for electron and
p for holes, are often used to quantify the impacigation properties of different
materials, where: (or f) is defined as the average distance that an ete¢tr hole)

travels along the electric field before it initiat@n impact ionization event.

Since the 1960s, several mathematical models haga put forward to calculate
various avalanche gain related parameters usingdtripnisation coefficients, with
different assumptions of the impact ionisation pssc One of the most commonly
used models to describe the impact ionization nmashais the “Local model” [1].
In this case, the impact ionisation coefficient elegls exclusively on the local
electrical field applied. The Random Path LengtRI(R[2] is a more recent model
that allows for the use of the dead space. It iméé as the minimum distance that a
carrier must travel before the probability of itti@ting an impact ionisation event
becomes non-zero. Including dead space in the lasilmos of avalanche gain related
parameters becomes important where the dead spa@sents a significant fraction

of the avalanche region width.



1.3 Motivation for the project

Researchers have tried to improve APD performarycentploying semiconductors
with a largex andg ratio (@/f) [1] for avalanche regions in APDs, in order thiage
low avalanche noise. Therefore, & ~ 100) APDs have become predominant.
Over the course of the last ten years, other nageisuch as HgCdTe [3] and InAs
[4] APDs, have demonstrated very low excess ndisegh gains. However, due to
their narrow band gaps, 056 eV and 0.35 eV respaytithey need to work at low
operating temperatures, typically between - 20°@ &@0°C, in order to suppress

their high dark current.

In addition to using materials with a higkg ratio, it is also possible to achieve low
excess noise by employing very narrow avalanchimegAs the avalanche region
narrows, APD bandwidth increases and excess neiseases [5]. Nevertheless, for
each material there is a lower limit on the widthtbe avalanche region, as
tunnelling current becomes more prominent. Thigtlisilargely dependent on the
material’s band gap. The key is therefore to empimaterials with the largest

possibleEy for the avalanche region, in order to mitigate @lialanche region width

limit imposed by tunnelling current.

AlAsSb is lattice matched to InP substrate and destmates low excess noise
approaching the levels found in Si APDs, wikkf ~ 0.05 in a 230 nm p-i-n

homojunction [6]. An InGaAs/AlAsSb SAM APD incormang a 40 nm AIAsSSDb

multiplication layer evidence®est ~ 0.15, slightly lower than an InGaAs/InAlAs APD
with w of 100 nm [7]. This represents better excess nmstrmance than commercial
low noise InGaAs/InP APDs, whilst not reaching bixeels of InAs and Si APDs. Thus,
InGaAs/AlAsSb SAM APDs adopting very thin multigiton regions prove promising

for high speed operation.

1.3.1 APDs for the bandwidth demanded by Internet traffic

Each year, the flow of Internet data around theldvimcreases exponentially. Cisco

Visual Networking Index predicted that annual globdernet data traffic would
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reach 966 exabytes by 2015 [8]. Therefore, each y@acommunication companies
must improve data management and develop new hpgleds optical network

components.

There are two basic schemes for network receivalerent detection and non-
coherent detection. Coherent detection employsal loscillating signal that mixes
with the incoming signal to improve input detectidinis type of receiver has been
successfully adopted for telecommunication in tgat100 Gb/s range. In contrast,
non-coherent detection receivers are less compled a&heaper and are
predominately used for low bit-rate modules. In+toherent detection, InGaAs p-i-

n diodes are used in the detector modules for 4000GB/s networks [9].

A major limitation of InGaAs p-i-n diodes is thdtet absorption layer thickness has
to be reduced in order to achieve a high bandwiStich reduction degrades the
receiver sensitivity as less optical signal is absd in the diode. One method of
solving this problem is to employ Separate Absorpiultiplication (SAM)
avalanche photodiodes, in which light absorptiom @valanche gain occurs in
different parts of the APDs. By using InGaAs as #élifosorption layer and InP as the
avalanche region, receiver sensitivity is enhaneldst bandwidth is maintained.
Unfortunately, SAM APDs employing InGaAs/InP, and oma recently
InGaAs/InAlAs, are unable to provide sufficient bandth with appreciable gain at
40 Gb/s and higher. This is due to their low gaamdhwidth product (GBP), which is
typically below 200 GHz [10, 11]. It is possible tocrease GBP by reducing
multiplication thicknessw; however, wherav becomes too thin, the band-to-band
tunnelling increases overall APD dark current digantly, as previously discussed.
For InP and InAlAs, this lower limit are considerede ~ 150 nm [12].

APDs withw < 50 nm and negligible tunnelling current can pt#dly raise the
GBP from 200 GHz to 1 THz, boosting the performan€Eaext-generation Th/s
Direct Detection systems. A new wide-band gap nadieklAsSb, has been chosen
as a suitable candidate to replace InAlAs. AlAsSlaitice matched to InP substrates
and boasts an indirect bandgap of 1.65 eV, whidarger than the direct bandgaps
of 1.34 eV and 1.45 eV found in InP and InAlAs,pestively. Its phonon assisted
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tunnelling process can be expected to exhibit aefowand-to-band tunnelling
current and a smaller temperature coefficient oéakdown voltage, Cbhd =
AVbd/AT, where AVbd and AT are the breakdown voltage and temperature
differences.

Furthermore, it has been proven that InGaAs/AIASEM APD with w = 40nm
exhibits excess noise that is slightly lower thanl@GaAs/AnAlAs APD withw =
100nm [13]. In this thesis, AIAsSb APDs will be estigated.

1.4 Overview of the report

Chapter 2 presents all background theory employeehvanalysing the experimental
results of the AIAsSb devices, taking in avalanoj@n, impact ionisation
coefficient, temperature dependence of avalanckakidown, excess noise, gain-

bandwidth product, and spectral response.

Chapter 3, provides brief descriptions of the nm@iperimental setups employed in
this thesis: current-voltage (IV), capacitance-agé (CV), phase-sensitive gain, low

temperature and spectral response.

Chapter 4 reports on a study of several alternstivieen carrying out the mesa step
fabrication process, in order to achieve unifornalamche gain across a given

sample.

Chapter 5 summarises data taken from.&laAsyseSkhas (X = 0, 0.05, 0.1,
0.15) pi‘n diode structures. It is included all results oid for I-V, C-V,
avalanche gain, spectral response, and temperatependence of avalanche

breakdown.

Finally, in Chapter 6 provides a summary for thekwarried out along suggestions

for future research.
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2. Background theory

2.1 APD structures: p+-i-n+ and SAM APD

As indicated in Chapter 1, avalanche photodiodd2}#) are a type of photodetector
that employs the avalanche effect to achieve amnat gain current. This means that
APDs are the best choice where amplification ofitipait signal proves necessary.

The most basic APD structure is shown in Figure 1.

hy  (Electron Injection)

Electric Field

hy (Hole Injection)

Figure 1 Schematic diagram of go+-i-n+ photodiode at reverse bias. On the right,

the corresponding electric field is shown.

On the right-hand side, Figure 1 shows the eledieid applied across the device
when a reverse bias is employed. As soon as thealsvilluminated, electron-hole
pairs are created in the p+ and n+ cladding lajkese pairs are then accelerated
and injected in to the i-region. If the electrielél in the i-region is sufficiently high,
the carriers become hot and when they collide laitite atoms, a new electron-hole

pair is generated. This mechanism is called avanuultiplication effect.

A design problem of p-i-n diodes comes to light vehkigh sensitivity is required.
As the same layer is used for multiplication andtph absorption, to increase
sensitivity, a narrow band-gap material must beleyga in the i-region. However,
decreasing the band gap entails an increase dttimelling current. This trade-off
can be avoided using a Separate-Absorption-Mutagilon (SAM) APD (see Figure
2).

13



Contact layer p~

Absorption layer i

Charge sheet p~ TT——

Multiplication layer i :I

Contact layer n~

Substrate

L
Electric field

Figure 2 Basic structure of a SAM APD and its elecic field at reverse bias

In this new scheme, the absorption and multiplecatiayers are structurally
separated. Therefore, in a SAM APD, current is geed in the absorption layer and
the avalanche mechanism takes place in the machigpdn layer. The absorption
layer is usually made of a narrow band-gap mateigaincrease photon efficiency.
On the other hand, because of its high electrid,fitne multiplication layer uses a
wide band-gap material to decrease tunnelling otirfEhe charge sheet layer is set
between these two layers to enable their electeid difference to be controlled.
Under these conditions, the absorption layer ity fuépleted and its electric field is
maintained at a sufficiently low level to enabléoitavoid the tunnelling current.

2.2 Avalanche multiplication. Local model

In Figure 3, a schematic diagram is presented foelactron initiated ionisation

event. An electron high up in the conduction bahdldses a portion of its energy
(1) to promote a second electron from the valdoaed (2) to the conduction band
(2'). When, the second electron is promoted, ivésabehind a hole. In this manner,
an electron-hole pair is created. The same pramsbe performed if the ionisation
event is initiated by a hole, rather than an etegtand the previous explanation

serves once each instance of “electron” and “hate”interchanged.
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Energy A

Conduction band

Valence band

[

Ll
Momentum

Figure 3 Energy-momentum diagram for an electron iniiated ionisation event

Avalanche gain is described by means of the impmagsation coefficientsg for
electron angs for holes. Both are defined as the number of neecassful impact
ionisation events initiated by a single carrier paeit length travelled, under a given
electric field. The inverse of these values repres¢éhe average distance that an
electron or hole travels along the electric fiekefdse an impact ionisation event
oCCurs.

The “local model” is a classic method of describitite impact ionisation
mechanism. Here, the impact ionization coefficieand be expressed in terms of the
local electric field applied. Both coefficients lealseen mathematically described by
the following expressions: [14,15]

a(B) = Asexp[— (2)"] 1)

BE) = Myexpl- (%)) 2.2)

whereAs 5, B12, |12 are constant parameters that are unique for eatéria ande

is the local electric field. As these expressiardidate, the higher the electric field
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the larger the ionisation coefficient giving rise more impact ionisation per unit

length.

Electric Field
x=0

/

Electron

=
Il
S

e
<Y

J
Cee

Hole

\

\

oLy

time

/.

/

/

Figure 4 Schematic representation of an electron itiated avalanche multiplication process in a p+-iR+
diode

\ O«

A schematic representation of an electron initiatedlanche multiplication process
in a p+-i+n+ diode is presented in Figure 4. Kendy axis represent the position
and time, respectively. When an electron is ingatéo the i-region, it is accelerated
by the high electric field applied. Along the pathvelled by the electromlx, it will
undergo an averagealx of ionising collisions. Where a collision occugsy electro-
hole pair will be created. These newly carrierd algo be swept along in the electric
field and will undergoadx collisions before leaving the i-region. The elens
generated close to the right-hand side of the achka region will initiate less
ionisation events than those created on the leftiiséde, as electrons travel in a left
to right direction. Via this cascading effect, arected electron will create a number
of new carriers (electrons and holes), giving igean average gaiM(x). This

average gain, based on local model theory, canritiemvas follows[1]:
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exp[- [ (a(xn)—B(xn))dxr]
l—fgv a(xr) exp[— f;(a(x”)—B(x”))dxu]dxr

M(x) = (2.3)

Where only electrons are injected to initiate thpact ionisation even£0), the

equation (2.3) can be expressed as follows:

1
l—fgv a(x) exp[- f;(a(x’)—ﬁ(xl))dxr]dx

M, = (2.4)

On the other hand, where only holes are injectedhit@ate the impact ionisation

event k=w), the (2.3) equation takes the following form:

" = exp[- [y [(@(x)-B(x)]dx]
h ™ 1- [ a() exp[- [ (@(x')-B(xn)dxr]dx

(2.5)

A useful approximation to simplify (2.3), (2.4) a(®i5) is to assume that the electric
field is constant across the i-region. In this ¢asend g ionisation coefficients
remain independent to the position betwre® andx=w. Thus, the initial equations,
(2.3), (2.4) and (2.5), can be simplified as folow

Me = 1—%[exp(ﬁ—a}w—1] (2'6)
M, = . (2.7)
" 1L exp(a-pw-1) '
M(x) — exp[(ﬁ_a)x] (27a)

1—%[1—%1)(!? —a)w]

Whereo>>f, the equation (2.6) shows that the highest gaiobisined via a pure
injection of electrons. In contrast, whefe>a, the equation (2.7) shows that the

highest gain is obtained via a pure injection déko

17



Another approximation is to consider thais equal tgs. In this case, the equations,

(2.6), (2.7) and (2.7a), can be expressed as fellow

1
1-aw

M=M,=M,= (2.7b)
In materials such as AIAsSb [16], or §zdno.4d” [17],0~f and the equation, (2.7b),

can be used to obtain an estimation of the iomisatoefficient.

2.3 Temperature dependence of APDs

The study of the temperature dependence of APDS$ wial importance. It affords
useful information on a number of important pararetthat describe the
performance of the APD. By way of example, |-V tergiure dependence enables
us to determine the existence of bulk or surfae&dge current domination
mechanisms. Furthermore, the relationship betweesakidown voltage and
temperature can be ascertained, which providesriamptanformation to enable us to

determine whether an APD proves suitable for argagplication.

In the local model, impact ionisation coefficiemi® dependent on the local electric
field. It has been proved that bothand g coefficients, are temperature dependent.
As a result, the break down voltage of the avalangtotodiode is also temperature
dependent. This is linked to optical phonon gemamatind the absorption of the hot
carrier population [18]. As soon as the temperatisreincreased, the phonon
scattering rate also rises. Therefore, for a ghvias voltage, each carrier loses more
energy in the form of phonon emission, resultingaimecrease of the hot carrier
population. Consequently, more voltage must beiegpdb achieve the avalanche
effect. That is to say, breakdown voltage is inseelin parallel with temperature
rises. Figure 5 illustrates the typical temperatdependence of the avalanche

multiplication of an APD.
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l
/)l

,‘)" Reverse
AV bias (V)

Figure 5 Typical temperature dependence of the avafehe multiplication of an APD

As a general concept, the temperature coefficietiteobreakdown voltage,u§ can
be defined as the ratio between the break dowmagelvariation and the temperature

interval:

(2.8)

Expression (2.8) can be used only where therelirsear trend between breakdown
voltage and temperature. APDs do not universalpatestrate this behaviour in all
temperature ranges; however, most of them evidencdear linear trend for

temperatures ranging between 50K and room temperfitQ,20,21].
As indicated above, IV temperature dependence oaride information on bulk or
surface-leakage current domination mechanisms. infismation can be extracted

from the activation energ¥,, by means of the Arrhenius equation. This equason

expressed as follows:
_Ea
A = Ajexp [kb—T] (2.8a)

where T is the temperaturel, is the Boltzmann’'s constant ardl and A, are

constants.
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2.4 Excess noise in APDs

The random nature of the impact ionisation progasans that the multiplication
gain starts to fluctuate around its mean sqe&e . That is to say, if one carrier is
injected into an avalanche region, the resulting géll have a spread number of
values. It is important to note that in the pregi®ection the gainyl, has been
considered as a unique value. Henceforth, it mestamsidered as an average value,
<M>, obtained from a multiple number of values.

This random fluctuation is associated with nois# tan be treated as excess noise,
independent of traditional shot noise. It can barabterised via the introduction of
the excess noise factor, which is defined as thie ®etween total noise and the
multiplied shot noise. The multiplied shot noise peit bandwidth ,NiBF, with a

mean multiplicatiorkM>, is described as follows [1]:

NiBF = 2el r <M >2 2.9
p

wheree is the electron charge ang is the primary injected current. Therefore,
excess noisd;, is calculated as follows:

_ 2elpr<M>%+0
2elyr<M>2

(2.10)

where@d is the mean square noise generated in the mabltpn process. This last

term can be expressed as follows:

@ = 2el, (< M? > —< M >?) (2.11)

Thus,F can be finally be written in the following manner:

_ <M?>
<M>2

(2.12)
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Where the random nature of the multiplication im@lated, the value obtained from
(2.12) will be 1. Therefore, in general, we caneaotpexcess noisé,, to be higher

than unity, and that it will increase as gain rises

When Mcintyre’s local model is used to describe dlialanche process, the excess
noise factorF, for an electron initiated situation can be expeesin terms of the
ratior =#/, [1]:

F=kM+2-(1-k (2.13)

Equation (2.13) shows two basic conditions withiPDA design to decrease the
excess noise. One method entails allowing the eramith the larger ionisation
coefficient to initialise the avalanche processe Second method involves achieving
the smallest possible value. When electrons are the injected carrietsadft = oo,
equation (2.13) becomés= (2- 1M), which is the lowest achievable excess noise.
In contrast, maximum excess noise<M>, is achieved where electrons remain the
injected carriers, buk=4. Figure 6 shows a graphic representation, obtafread
(2.13), of the excess noise factor vs the electrman multiplication for various

values of ionisation coefficient ratidss .

k=50 20 10 5 2 1

=
o
S

=
o
|
o
-

0.02

Excess Noise Factor, F

1 —

T T
1 10 100
Multiplication, M,

Figure 6 Mclintyre’s predictions for excess noise fetor vs electron mean multiplication for various vdues

of ionisation coefficient ratiosk=fa
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2.5Non-local random path length model (RPL)

Where the thickness of the multiplication regiorcdiees highly reduced, the local
model starts to show its limitations. Thereforeeav non-local Random Path Model
(RPL) [22] is employed to prediet and f where the avalanche region becomes
excessively thin. RPL is grounded on the conceptlezd space. (dn), which is
defined as the minimum distance than an electraie]lhhas to travel before
undergoing impact ionisation. Thus, the path okbattron or hole traveling in the
multiplication region can be described by the failog probability distribution

function:

P,(x,) = {O’ Ye < de (2.14)

a exp[_a*(xe - de)]; Xe 2 de
wherex. is the carrier position, and is the saturated ionisation coefficient.

A useful approximation of the dead spagédy,) can be defined as follows:

_ Etpe

d, =" (2.15)
_ Ethn

dy = s (2.16)

where E is the electric fieldq is the electron charge aritl. andEy, are the

threshold energies for electrons and holes, reispedet

On the basis of (2.15) and (2.16), the relationsteipveen the local and RPL models

can be determined as follows:
1
; = de + — (217)

=d, +— (2.18)
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Models that include the dead space effect envisagigbstantial reduction in excess

noise in comparison with the local model.

2.6 Device bandwidth
Bandwidth is a very important characteristic of ARRxs high data transmission
systems require a fast device response. Bandwsliargely determined by four

main factors: the RC factor, transit time, diffustime and avalanche gain.

R-C limited bandwidths linked to the series resistance and capacitari@ent to

the photodiode, and can be described as follows:

_ 1
2mRC;

Brc (2.19)

CapacitanceC;j, is dependent upon the depletion width of the jpattion, whilst

series resistanc®, depends mainly on the metallic contact of theakev

Transient time limited bandwidtielates to the time required by the carriers tssr

the depletion region. Most APDs are designed tovaltarriers to be created in the
depletion layer, under an electric field that iffisiently high to accelerate them to

their saturation velocities. It can be expresseisns[23]:
By = 0452 (2.20)

wherew is the depletion layer thickness ands the saturation velocity.

As we can see, a reduction of theegion layer thickness will effectively decrease

the carrier’s transit time.

Diffusion limited bandwidths associated with diffusion time. It is definesl the

time that the carriers generated in the neutrabregequire to reach the depletion

layer, and can be expressed as follows:
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2

Tdiff = Zx_DC (221)

wherex is the diffusion distance arid. is the minority carrier diffusion coefficient.

The diffusion time can mathematically defined dtofes:

Baifr = 1l - (2.22)

Zaniff X2

Avalanche gain bandwidtrepresents the main limitation of an APD. As tlangs

increased, more carriers are created in the mighifgbn region and more time is

required for the avalanche process to decay.

The defined_gain-bandwidth product is associateth vtinis limiting factor. It

determines the dependence between bandwidth andvedanche gain from high

speed APDs. Figure 7 shows a typical APD graphaafividth vs avalanche gain.

Many APDs exhibit a sharp increase in bandwidthhvaivalanche gain, evident in
region I. At low gain, where M<5, this is probalulye to the slow diffusion time of
the carrier in the undepleted absorption regiore &lectric field in the absorption
region has not been optimised, whereby photocarrege absorbed and slowly
diffused into the multiplication region. As the eliéc field increases, the carriers’
velocity quickly builds up, thereby rapidly incréag bandwidth. For well optimised
APD structures, where the absorption region isyfdipleted at punch voltage, and
carrier velocity builds up quickly, increased barmdhv with avalanche gain is not

observed.

In region I, the bandwidth is relatively constdot moderate gain values, which
might be explained in two manners: first, it midig attributed to the RC limited
bandwidth, as an APD has a voltage dependent dapaei and load resistance
which is similar to a p-i-n photodiode, whereby t@mt resistance and device and
parasitic capacitances should be minimized to imptbe bandwidth; alternately, it
might be attributed to transit-time-limited bandtiid In structures with a long
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absorption region and a thin multiplication regitime carriers are drifting through a
long absorption layer with a much lower electrigdithan the multiplication region.
To achieve very high bandwidth in region Il, théatocarrier transit time must be
reduced. Consequently a thinner absorption layeuldhbe employed; however, this
will lead to an increase in device capacitancds la trade-off between quantum
efficiency, transit-time-limited bandwidth and R@rawidth.

In region lll, where there is high gain, bandwidtarts to roll off as the avalanche
duration (including build up and decay times) stad dominate. To reduce the
avalanche duration time, it is necessary to adoggrg thin avalanche region or a

material wherein k = 0.

A

Resion | Region | Region Il

-3 dB bandwidth

>
Awvalanche gain

Figure 7 An example of APD bandwidth vs avalancheain

2.7 Spectral response

Spectral response is defined as the ratio betweercdrrent generated by a photo
detector and its optical power input. This is agged with the sensitivity that a

photo detector evidences as a function of the veangth of the input signal. The

maximum frequency at which the semiconductor hdisspectral response is usually
referred to as the cut-off wavelength, which isedained by the band gap of the
semiconductor, and it can be expressed via thewiolly expression:

h
Acutoff = E_; (2.22a)

whereh is Planck’s constant is the light velocity constant &, is the band gap of

the material.
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3. Characterisation techniques

3.1 Current-voltage measurement

On the basis of current-voltage (IV) charactersstid is possible to obtain an
electrical response from the dark current of thedDAPDark current analysis is an
important test for semiconductor devices, as ivjges useful information relating to
their electrical behaviour. Parameters of interastlude the leakage-current
components, breakdown voltage or the ideality factamongst others. IV
measurements for this work were carried out by egipy either a HP4140B Pico

ammeter or a Keithley 237 source measure unit, uthald conditions.
Forward bias

Careful analysis of the forward bias affords anuaate value of the ideality factor
and series resistancé®s. The ideality factor provides information enabling
determination of the dominant current mechanismwifig through an APD. For its
part, series resistance limits tR€ bandwidth and increases the drop voltage across

the device.

When forward bias is applied, the diode model caexpressed as follows[24]:

(V-IRy
I = Iy[exp (an) —1] (3.1)
whereq is the electron chargk, is the saturation currerk,is Boltzmann’s constant,
T is the temperature expressed in KelMi3,is the series resistance ands the
ideality factor, which falls between a range ofrfd@. A factor close to 1 indicates
that the dark current is entirely dominated bywdifon. In contrast, values close to 2

shows that the generation-recombination is the datimig mechanism.
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At low voltage, the bias caused by series resistasmeglible. However, at high
voltages, wheréRs >> V, series resistance dominates the drop voltageighaut

the device and by fitting the IV curv@scan be determined.
Reverse bias

As indicated in Chapter 2, APDs operate under ssvéras in order to obtain gain
from the avalanche effect. Dark current is an ingodr parameter in terms of
determining APD performance, as it significantlygcides the signal-to-noise ratio,
and it can be lowered, either by enhancing theityuai the epitaxial structure, or by
improving manufacturing processes. In this reseadark current measurements
were carried out employing devices of differenesizin order to determine whether
dark current is bulk or surface dominant. If thekdaurrent scales well in the
perimeter, this indicates that the surface leakageent is dominant due to the

conducting paths formed along the device mesaairfa

Another leakage current component that can be ebdeaas a result of the reverse
bias is the band-to-band tunnelling current. Itdmes important when the applied

electric field is of a sufficiently high level, amaén be expressed as follows:

_ (2m")%5¢q3EvA 2mor(m*)SES>
Itunn - thg.s eXp[_ qhE ] (3-2)

whereq is the electron chargen* is the effective electron mads,is the electric
field applied,A is the device ared, is Plank’s constangy is the band gap angt is

a constant that depends on the specific shapesditinelling barrier. For any given
material, band-to-band tunnelling current imposéswaer limit on avalanche region
width.
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3.2 Capacitance-voltage measurement

When an AC voltage is applied over a diode, it eaus charge variation within the
depleted region. This behaviour is associated withinsic capacitanceC;. The

basic theory defines this capacitanCg,via the following equation:

EoErA
C ocr

j =t (3.3)

whereg; is the dielectric constant of the materiglis vacuum permittivity,A is the
junction area and,, is the depletion width.

Poisson’s equation defines the gradient of thetrdefteld profile as follows:

dE _ gN
Z - (3.4)

Eo&r

whereE is the electric field profileq is the electron charge amis the activated
dopant density.

By employing a capacitance-voltage (CV) measurentectinique and calculating
equation (3.3) and (3.4) we are able to model tMepffile of any APD. Therefore,
the data obtained from this model can be compaiidit twe experimental data to
enable us to determine the depletion width thickresd the electric field profile.
Refer to the example provided in Figure 8.
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1.00e-10

9.50e-11

9.00e-11

C(F)
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Electric Field (V/cm)

8.00e-11
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o { e .
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—®— 124V Bias
7.00e-11 T T T T T T
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Figure 8 Example of CV curve fitting and the electrt field profile obtained
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Other important information that can be obtaineoimrCV measurement is the
degree of undercut that the devices display duenamufacturing processes. To
determine this, devices of different sizes are messand the results are scaled in
area. Where small devices display higher scaledegathan larger devices, this

indicates that the area has been overestimatadwnof their considerable undercut.

All CV measures in this thesis were carried ouhgsi HP4257 LCR meter.

CV profile of a SAM APD

A typical CV response from a SAM APD is outlinedtire Figure 9. At lower bias,
capacitance decreases gradually until the chamget $hcompletely depleted. At this
point, capacitance abruptly decreases due to thie depletion of the absorption
layer. This bias voltage is usually referred td@sch through”, and in practice it is

a key feature that has significant bearing on SARDAperformance.

>

Capacitance

Punch through

/\ Fully depleted

—
Voltage

Figure 9 Typical CV response in SAM APDs

3.3 Phase sensitive multiplication measurement

As indicated above, avalanche gain is a key featfréAPD performance. A
schematic view of the photo-multiplication setugpissented in Figure 10. The laser
signal is chopped at a frequency of 180Hz to craaté\C photocurrentyy, in the
device under test (DUT). A source measure unit ($MleEmployed to apply a bias
voltage to the DUT. The same induced photocurreeguency in the DUT is also

applied to the resistor situated in serigg.across the resistance provides an AC
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voltage that is measured via a locking-amplifielA)L Finally, an external reference

from the chopper controller feeds the LIA.

Camera
Beam splitter /;®_. )
-
LIA
I -
l AB
DUT R S
SMU
— x|
A4

Figure 10 Schematic phase sensitive multiplicatiosetup

LIAs are employed to extract a signal with a detaed carrier wave within a high-
noise environment via the phase sensitive techniquehis technique, the input
signal is multiplied by a reference signal with geme frequency. A schematic of

phase sensitive detection is shown in Figure 11.

External reference

esig

Measured signal J\M
Lock-in reference /\M

-

eref

Figure 11 Schematic of the phase detection technigu

The mathematical expressions for the measured Isgmh the lock-in amplifier
reference signal are as follows:
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Vsig = Asig Sin(Wsigt + Hsig) (3.5)
Vref = ArefSin(Wreft + gref) (3.6)

whereAsijg andAres are the amplitudesWsig andWeet are the frequencies afig;, and

0rer are the phases.
If both equations are multiplied the result is @l$ofvs:
Vo = Vsig X Veer = AsigArer sin(wsigt + Hsig) sin(wreft + Href) (3.7)
The expression can be developed as indicated below:
Vo =5 AsigArer[cos(Wsigt — Wrept + Osig — Brep) — COS(Weigt + Wyept + Osig + Orep)] (3.8)

Thus, there are two terms in this expression: ths& €ntails a high frequency

component st + wy.rt) and the second, a low frequency component, € —
wrert). Upon passing this signal through a low-paserfilthe high frequency is
filtered out. However, if the LIA forces the refame signal to have the same

frequency as the input signat,_w..r), the final output will be a DC component:
1
Vo = EAsigAref Cos(esig - gref) (3.9)

Evidently, the measured signal has been isolated the harmonic components and

the output is a proportional value of the inpuhsigamplitude.

The gain measurement is calculated via the ratiovd®n the primary photocurrent

and the multiplied photocurrent, as follows:

M) =2 (3.10)

pr
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wherel, is the primary photocurrent aig, is the measured photocurrent.

lor refers to the photocurrent obtained as the APDsetlep width is increased. It
has been reported [25] that the primary photoctiramneases linearly with the bias,
whilst the cladding layers slowly deplete. Therefdp, can be extrapolated from
photocurrent values obtained at lower biases, waemalltiplication event has yet to

take place. An example of a multiplication measwaenis provided in Figure 12.

Figure 12 Example of an avalanche multiplication masurement

3.4Low temperature measurement

As indicated in 2.3, APD low temperature measurdriseassential in order to study
features that cannot be observed at room tempegatior instance, dark current
mechanisms display different behaviour at low terapges and at room

temperature.

All temperature dependence measurements presenteds ithesis were carried out

in the Janis ST-500 probe station (refer to FiglBe The setup consists of two DC
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probe arms and a multimode fibre that can be paiwedny optical source, from
visible light to near infrared. The chamber canpoenped down to a vacuum of
<2e10° mbar and cooled down by an open circuit of nitrog@ample temperatures
can fall within a range spanning between 77K amhréemperature.

Figure 13 Janis ST-500 probe station setup

3.5Monochromator set-up
As indicated in section 2.7, for a given semicondydhe cut-off wavelength of the
spectral response will vary in accordance withhbgnd-gap. Figure 14 presents

various spectral responses from a number of sermlicars.

Spectral Intensity
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I
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|

Figure 14 Normalized spectral response from severaemiconductors
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The set-up employed to measure spectral resportbénvihis research is mainly
based on the use of a monochromator, a piece afabgquipment that allows a
selectable narrow band of light to be mechanicgdljt and transmitted from a wider
band source. Figure 15 presents the set-up usmmp (usually a tungsten lamp) is
employed as a wide band source. It is focused ttiiremn to the input of the
monochromator. The monochromator boasts two cusehsplit outputs to measure
devices, each with a focal length of 340 mm, and lwa adjusted to cover different
wavelength intervals (400nm, 1um and 2um). Foculnges are installed at each
output to collect the optic signal, and low-pa#®efs are used to remove high order
signals. To avoid noisy measurements, where a eelgplays high leakage current,
a phase-sensitive detection (PSD) structure (tefsection 3.3) was employed. This
includes a chopper situated after each output, & %M biasing the devices, a LIA
and a bias resistor, R. When taking measuremerasimanercial photodiode with a
predictable spectral response is normally emplogedne of the monochromator
outputs. This enables calibration of the powerritiistion of each wavelength within
the system whilst the DUT is being measured. Aftex measurement has been
carried out, the raw data obtained from the DUTarected and normalised on the
basis of this distribution.

Tungsten lamp ] s

—

Monochromator ]0

I  — ND Filter
Controller O O
|:O
— SMU
Computer [_l—l e

Figure 15 Scheme of the Monochromator set-up
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4. InGaAs/AlAsSb SAM APD. Wet etch study.

4.1 Introduction

Premature edge breakdown is of critical importaiecehe optimal DC performance
of SAM APD devices. Table 1 presents an exampleciire of an AIAsSb SAM
APD. In Figure 16 can be seeing that premature dulgakdown stems from the
severe undercut on the mesa sidewall, while thes8Aavalanche layer is being
etched during mesa formation. Standard mesa etclprogedure based on
H.SOy:H202:H,0 and HCI:HO,:H,O mixtures for the selective etching of InGaAs
and AlAsSb, respectively [16,26], shows that premaedge breakdown is yet to be
resolved. The undesirable shape of this side \egibn is characterised by localised
regions, also referred to as ‘hot-spots’, that pessa high electric field [27]. As
impact ionisation is triggered by high electricld® the current flowing along the
device edge is very high, adversely affecting DCfggmance (tunnelling) and
eventually leading to premature degradation. T¢gsie is of particular importance in
devices designed for high-speed applications, dubkdir small dimensions. In order

to address the issue of premature breakdown, tloeving options are available:

(A) Determining the best combination of wet etchanas #ill etch the mesa and
supress the severe undercut.

(B) Studying dry etching as an alternative.

Doping density Thickness
Doping type Material Nonglnal Fitted (cn?) Nominal Fitted (nm)
(cm™) (nm)
p’ contact InGaAs 1x19 - 10
p’ cladding INAIAs >5x16 5x108 300
InAlGaAs
i grading (Eg ~ 1.1| <2x10® 1x10° 50 50
eV)
i absorption InGaAs <2x10 | 6x10° 500 500
InAlIGaAs
i grading (Eg ~ 1.1| <2x10® 2x10° 50 50
eV)
p charge sheetl  InAlAs 5x10 2.9x107 55 55
i intrinsic InAlAs <2x10° 1x10° 50 50
p charge sheetl  AlAsSb 10 4x10" 44 44
b AlASSD <2x10° | 1x10° 50 40
multiplication
n* cladding AlAsSb >5x1% 5x10¢ 100
n* contact INnGaAs 1x19 - 300
Semi-insulating InP

Table 1 Structure of an AIAsSb SAM APD 1 (REV2)
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7

’ Semi-insulating substrate ‘

Figure 16 Cross-section scheme of a SAM APD InGaA&AsSb with severe undercut

4.2 \Wet etching study

SAM APD 1(REV 2) (refer to Appendix I) was the In&=AIAsSb SAM APD
structure sample employed to carry out this re$earc

To date, the wet etchants that have been emplayetth the mesa structure of SAM
APD devices are $$0,:H,0.:H,0 (1:8:80) and HCL:kD,:H,O (1:1:5) (refer to
Appendix 2). The duration of the etching was encpity determined via the change
in the colour of the sample surface during the wedthing procedure.
H.SOy:H202:H,0 (1:8:80) was employed to etch the InGaAs/InAlASIGaAs
layers, HCL:HO,:H,O (1:1.5), to etch the AIAsSb layer, and finally
H,SOy:H,02:H,0 (1:8:80) was used to partially etch the bottomcositact InGaAs
layer. The change in the sample surface colour fgoeen to black and then back to
green is indicative of the sequence in which trereahentioned wet etchants were

employed. The black regions that formed on the SlAfayer are oxidized areas.

With a view to resolving the issue of prematureakoown voltage, three sets of

trials were carried out.

4.2.1 Standard wet etch review

The first set of trials focused on standardising tluration of the etching of the
aforementioned wet etchants. Amongst the trialsdooted, the combination that

afforded the lowest AIAsSb oxidation expansion ba tlevice surface was a two-
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step etching procedure involving$04:H,0,:H,0O (1:8:80) for 3 minutes followed
by HCL:H,O2:H,O (1:1:5) for 9 seconds. A third etching step pbumnecessary
(although it was initially held to be requisitehd mesa structure was etched down
to almost the halfway point of the n+ contact InGaAyer. It was assumed that
HCL:H,0,:H,0O (1:1:5) would have acted as a selective etchititeolnGaAs layer
and it was expected that it would not etch thedmth+ contact InGaAs layer. This
sample was further DC characterised. The IV diagrahow that the leakage current
scales with the perimeter (surface dominated darkent) and also the area (bulk
dominated dark current). The tunnelling current pesbably be ascribed to the low

band-gap (InGaAs) absorption layer.

Figure 17 to Figure 25 present the I-V and C-V measents taken from SAM
APD 1 (REV 2) subsequent to etching in H2SO4:H2Q2H1:8:80) for 3’ and
HCL:H202:H20 (1:1:5) for 9, whilst Figure 26 inatles a number of SEM images
of the cross-section of a device side-wall.

It is worth noting that we did not extract the dtiec field profile from CV
measurements. Therefore, we are unable to determtiather or not the other layers
(i.e. multiplication) contribute to the tunnellimgechanism due to high electric field
values. Furthermore, no temperature dependent I&uorements were obtained, in
order to ascertain whether or not the tunnellingimaaism is sensitive (trap-assisted
tunnelling) or insensitive (direct tunnelling) tentperature. In accordance with the
CV measurements, the punch-through voltage (whHereentire device is depleted)
was recorded as 8V.
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I-V Measurement of the reverse-bias 200um radius device

le-l

le-2 A

le-3 A

le-4

le-5 A
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Current(A)

le-7 A

le-8 A

le-9 1 | —e— Device 1 - 200um radius device
—e— Device 2 - 200um radius device
le-10{ | —e— Device 3 - 200um radius device

le-11- T T T T T T
-30 -25 -20 -15 -10 -5 0

Voltage(V)

Figure 17 Reverse I-V from SAM APD 1 (REV 2) subse@nt to etching in H2SO4:H202:H20 (1:8:80) for
3’ and HCL:H202:H20 (1:1:5) for 9” (Standard recipe). 200um radius devce.

|-V Measurement of the reverse-bias 100um radius device

le-l

le-2 1

1le-3 1

le-4 A

le-5 A

le-6

le-7 A

Current(A)

1e-8

le-9 4 | —*— Device 1 - 100um radius device
—e— Device 2 - 100um radius device

1e-101 | —e— Device 3 - 100um radius device

le-114
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Figure 18 Reverse |-V from SAM APD 1 (REV 2) after &h in H2S0O4:H202:H20 (1:8:80) for 3’ and
HCL:H202:H20 (1:1:5) for 9” (Standard recipe). 100um radius device
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-V Measurement of the reverse-bias 50um radius device
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Figure 19 Reverse |-V from SAM APD 1 (REV 2) subseent to etching in H2S0O4:H202:H20 (1:8:80) for
3’ and HCL:H202:H20 (1:1:5) for 9” (Standard recipe). 50um radius device.

I-V Measurement of the forward-bias 200um radius device
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Figure 20 Forward I-V from SAM APD 1 (REV 2) subseqeent to etching in H2SO4:H202:H20 (1:8:80)
for 3' and HCL:H202:H20 (1:1:5) for 9” (Standard re cipe). 200um radius device
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-V Measurement of the forward-bias 100um radius device
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Figure 21 Forward I-V from SAM APD 1 (REV 2) subseqent to etching in H2S0O4:H202:H20 (1:8:80)
for 3" and HCL:H202:H20 (1:1:5) for 9” (Standard re cipe). 100um radius device

-V Measurement of the forward-bias 50um radius device
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Figure 22 Forward I-V from SAM APD 1 (REV 2) subseqeent to etching in H2SO4:H202:H20 (1:8:80)
for 3' and HCL:H202:H20 (1:1:5) for 9” (Standard re cipe). 50um radius device
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I-V Measurement of the reverse-bias scaling by area
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Figure 23 Reverse I-V from SAM APD 1 (REV 2)subsequent to etchindgn H2SO4:H202:H20 (1:8:80) for 3’ and
HCL:H202:H20 (1:1:5) for 9” (Standard recipe). It has been scaled in area for 200um, 100um and 50uadius device.

[-V Measurement of the reverse-bias scaling by perimeter
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Figure 24 Reverse |-V from SAM APD 1 (REV 2) subsagent to etching in H2SO4:H202:H20 (1:8:80) for 3’ ad
HCL:H202:H20 (1:1:5) for 9” (Standard recipe). The perimeter has been scaled for 200um, 100um and S@uadius

devices.
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C-V measurement
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Figure 25 GV measurement from SAM APD 1 (REV 2)subsequent to etchindgn H2S04:H202:H20 (1:8:80) for 3
and HCL:H202:H20 (1:1:5) for 9” (Standard recipe), for 200um, 100um and 50um radius devices and foMHz and
1MHz frequency measure signals.

AccY Spot Magn Det 1 2um AccY SpotMagn Det —— b
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Figure 26 SEM image of the cross-section of a device side-Wwal
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The following additional trials were performed wdlthree-step etching procedure:
1) HSO:H0,:H, O (1:8:80), HCL:HOx:H,O (1:1:5), HSO;:H,0,:H,0
(1:8:80), which proved entirely unsuccessful.

2) H;SO.:H,02:H0 (1:8:80), HCL:HO,:H,0 (1:1:5),
HBR:CHECOOH:KCR,O3; (1:1:1) did not afford any promising results,
particularly in terms of the BR:CHECOOH:RR,O3 (1:1:1) step, where
etching times of 1sec and 10sec over-etched thea nsésictures and

eventually led the respective APD devices to beles/é they were “open-

circuited”.

4.2.2 Wet etch trials

The second set of trials involved testing differewett etchants than those employed

in (). The trials did not lead to successful résws the etchants were either non-

selective, and mesa structures were eventually-etobied, or proved inert (the mesa

structures remained unetched). Below, a list ofdtehants employed is provided.

These trials entailed one-step etching procedwrbsrein each individual etchant

was used only for a single sample (as opposednibic@ations of etchants).

HBr: HNOs:H,O (1:1:30) (non-etching)
HBr: HNO3:H,O (1:1:10) (non-etching)
NH4:H20,:H,0 (1:1:100) (non-etching)
H3POy: HoO2:H20 (3:1:50) (over-etching)
H3POy: H202:H,0 (3:4:5) (over-etching)
H3P Oy Hy02:H,0 (3:4:15) (over-etching)
H,SO,: HCL: H,0, (1:1:8) (over-etching)
H,SO,: HCL: H,0, (1:1:16) (over-etching)
H,SOy:H,0,:H,0 (1:8:30) (over-etching)
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4.2.3 Diluted HCI:H ,0,:H,0 etchant

The third set of trials entailed a two-step etchprgcedure, initially employing
H,SOy:H,02:H,0 (1:8:80) as an etchant, and subsequently dildetd: H,O,:H,0.
The trials were as follows:
1) HySOy:H02:H,0 (1:8:80) for 3 minutes and HCL:»8,:H,0 (1:1:60) for 26
minutes (4-min steps). This etching process caubedmesa structure to
become over-etched. The devices were further pseceand DC tested, and

behaved as if they were “open-circuited”.

2) HSO;:H,0O.:H,O (1:8:80) for 3 minutes, HCL#D,:H,O (1:1:5) for 5
seconds and HCL:#D,:H,O (1:1.60) for 2 minutes. Following further
processing and DC testing of the manufactured dsyianly a small number
proved operational. Most of them behaved as if tveye “open-circuited”.

The device breakdown voltage was recorded as 22-24V
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5. AlGaAsSb PIN diodes

5.1 Introduction

Reported I-V measurements from AlAsSb PIN diode§ jhdicate a significantly
high surface-leakage current. Al and Sb atoms evaepto form oxide compounds
due to chemical reactions with oxygen-based etshantvith air [28]. The idea of
incorporating Ga atoms into the AIAsSb multiplicetilayer serves to mitigate the
degree of oxidation on the AIAsSb surface. This paove beneficial during the
manufacture of devices for mesa structures, pdatiguduring the etching process.
On the other hand, such stoichiometry can affextd@ performance of devices. By
increasing the Ga atom percentage in AIAsSb stombtry, quaternary alloys with
the formula Al.xGaAsos6Sky.44 (X=0, 0.05, 0.1, 0.15) are synthesised. They must
meet the requirement of being lattice-matched Wwith the InP and InGaAs layers.
In this case, the alloy band-gap is reduced, asvisho Figure 27 (the red arrow
from AIAsSb pointing towards AkGa/AsSh).
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Figure 27 Band-gap energies on the basis of the fiae constant for different IlI-V materials

Therefore, this scenario produces the followingiitss
a) Mitigation of oxidation during the mesa-step pragdbereby decreasing
surface leakage current.
b) An increase in the probability of tunnelling viaetimultiplication layer,

which is undesirable.

45



c) A decrease in the threshold voltage of the deviassmpact ionisation
can be triggered under lower electric fields. Tbhén be assessed by
calculating the corresponding impact ionisationtdes; alpha and beta,
for each individual layer.

5.2 Device manufacture

Four different wafers were studied. The stoichibgnef each individual wafer is
provided below, and, for the sake of conveniencd3B4 labels will be used for
descriptive purposes.
« M4333 (Ga 0%, Al 100%), M4335 (Ga 5%, Al 95%), M&3@&a 10%,
Al 90%), M4339 (Ga 15%, 85%)
The structure of each wafer is outlined below, atl€é 2.

M4333 M4335 M4338 M4339 Thickness
Doping type
Material Material Material Material Nominal (nm)
p+ contact InGaAs InGaAs InGaAs InGaAs 100

ot contact

Table 2 Schematic summary of the epitaxial structur®f the M4333, M4335, M4338 and M4339 samples

The InGaAs/AlAsSb PIN diodes were manufactured eting to the standard
recipe, except in the case of the chemical etckteg. The etching recipe was as
follows:
1) HSOy:H02:H,0 (1:8:80) was employed to etch the 100nm InGaAsrlat
the rate of 2.8nm/sec
2) Pure HCL was employed for 1sec to etch the@BASy s6Shy 44 layers.
This etchant combination etched down the bottomcantact layer by 50-60nm.

Surface oxidation proved less severe, when compaitdthe results outlined in
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paragraph 3.3.1, but trenches did appear on thelsaraurfaces. This phenomenon

was more pronounced on M4339 samples.

5.3 Current-voltage (1V) characteristic

IV measurements were carried out for 50um, 100uch Z60um radius devices in
order to determine the surface leakage or bulkectirdomination. IV results were
scaled in area and perimeter (refer to Figure R@ure 29 presents the forward |-V
of M433x samples for 50um, 100um and 200um radesscds. The fact that all

graphs scale well along the perimeter indicatesptieedominant position of surface
leakage current. As indicated above, this issugeardue to surface oxidation and
can only be eliminated once a degree of passivasoapplied to each sample.
Figure 28 also allows for the extraction of anraate of the break-down voltage.
Sharp and clearly defined breakdown voltages weoaded at 12.3V for M4333,

12.9V for M4335, 12.1V for M4338 and 12.5V for M483

1-V measurement of the reverse-bias scaling by area - 0% Ga 1-V measurement of the reverse-bias scaling by perimeter - 0% Ga

Current(A/lcm2)
5
&
Current(A/cm)

T T T T T T T T T T T T T
-14 -12 -10 -8 -6 -4 -2 0 -14 -12 -10 -8 -6 -4 -2 0

Voltage(V) Voltage(V)

1-V measurement of the reverse-bias scaling by area - 5% Ga 1-V measurement of the reverse-bias scaling by perimeter - 5% Ga

Current(Alcm2)
Current(A/cm)

Volt; V)
oltage(V) Voltage(V)

a7



1-V measurement of the reverse-bias scaling by area - 10% Ga 1-V measurement of the reverse-bias scaling by perimeter -10% Ga
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Figure 28 1-V measurement for M433x samples, scaldy area and perimeter
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1-V Measurement of the forward-bias 50um radius device - Ga 0%

1-V Measurement of the forward-bias 200um radius device - Ga 59
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1-V Measurement of the forward-bias 50um radius device - Ga 109 1-V Measurement of the forward-bias 200um radius device - Ga 15
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Figure 29 Forward |-V measurement for M433x samples

A dark current comparison between samples is peavid Figure 30. Three clearly
distinct dark current levels are evident: the higlexel (~5e-5A) corresponds to
devices from the M4333 sample, the medium levek{64), to devices from the
M4335 sample, and the lower level (~2.5e-7A), teides from the M4338 and
M4339 samples. This is an interesting result asvitlences a trend towards a
reduction of and a saturation limit within surfdeekage current, along with
increased Ga composition. That is, there is a péage of Ga composition wherein

dark-current performance does not improve.

It should be noted that all results presented guig 28 and Figure 30 correspond to
measures carried out several months subsequenanafacture. All measures that
were carried out close to the date of manufactidendt display any evidence of the
aforementioned trend. Figure 31 presents two \&plgs. The one on the left-hand

side relates to measurements taken on the datamdfacture, whilst the one on the
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Current (A)

right-hand side involves measurements taken sexmevaths subsequent to this date.
The first graph@5-12-2013 displays a weak difference in the dark currenemthe
Ga composition is changed. On the other hand,arsétond grapl0{-04-2014 we
can observe a strong variation of the dark curkghén the Ga composition is
increased. Comparison of the two graphs drawsgtut kevere degradation of the
M4333 sample, non-variance in the case of the M48&%ple and a significant
improvement with regards to the M4338 and M4339am These results can be
explained by taking into account that adding Gatlicomposition to AIAsSb alloys
promotes reaction-limited oxidation of the devigdeswall, avoiding the surface
dark current degradation [28]. Therefore, the sewdgradation of M4333 can be
attributed to the faster oxidation rate over thmsgeriod.
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Figure 30 |-V comparison of M433x samples for 200umadius devices
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IV Measurement comparsion diferent samples - Date - 05-12-2013
(Fabrication date) I-V Measurement comparison between samples -Date 07-04-2014
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Figure 31 I-V comparison of M433x sample measuremésitaken on the day of the manufacture and

several month later

5.4 Capacitance-voltage (CV) characteristic

CV measurements of 200um radius devices were daotéein each M433x sample.
Figure 32 presents all the CV measurements, alatigtie fitting curves based on
Poisson’s equation model, cited in paragraph 3ghdard parameters employed for
the simulation entailed a built-in potential of 1avid a dielectric constant of 10.95.
The dielectric constant is derived from linear iptdation between AlSb and AlAs
[29] and it has been applied to all samples basedhe assumption that Ga
incorporation would not significantly alter thislua. The fitted values of the M433x

samples are outlined in Figure 33.
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C-V Measurement - M4338 sample C-V Measurement - M4339 sample
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Figure 32 C-V measurements and fitted curve for M43x samples
N . . Growth Fitted Doping (cm-| Fitted Thickness
Wafer Thickness (nm) Composition Doping (cm-3) notes 3) (nm)
100 In0.53 Ga0.47 As p 5.00E+18
300 Al As0.56 Sb0.44 p 2.00E+18 2E+18
M4333 100 Al As0.56 Sb0.44 i 1.00E+15 1E+15 103
100 Al As0.56 Sb0.44 n 2.00E+18 2E+18
1000 In0.53 Ga0.47 As n 5.00E+18
InP n-type (2-5)E+17
100 In0.53 Ga0.47 As p 5.00E+18
300 Al0.95 Ga0.05As0.56 Sb0.44 p 2.00E+18 2.10E+18
M4335 100 Al0.95 Ga0.05As0.56 Sb0.44 i 1.00E+15 | As:61% 1E+15 102
100 Al0.95 Ga0.05As0.56 Sb0.44 n 2.00E+18 2.4E+18
1000 In0.53 Ga0.47 As n 5.00E+18
InP n-type (2-5)E+17
100 In0.53 Ga0.47 As p 5.00E+18
300 Al0.9 Ga0.1 As0.56 Sb0.44 P 2.00E+18 2E+18
M4338 100 Al0.9 Ga0.1 As0.56 Sb0.44 i 1.00E+15 | As:66% 1E+15 99.5
100 Al0.9 Ga0.1 As0.56 Sb0.44 n 2.00E+18 2E+18
1000 In0.53 Ga0.47 As n 5.00E+18
InP n-type (2-5)E+17
100 In0.53 Ga0.47 As p 5.00E+18
300 Al0.85 Ga0.15As0.56 Sb0.44 P 2.00E+18 1.76+18
M4339 100 Al0.85 Ga0.15As0.56 Sb0.44 i 1.00E+15 | As:66% 1E+15 109
100 Al0.85 Ga0.15As0.56 Sb0.44 n 2.00E+18 1.7E+18
1000 In0.53 Ga0.47 As n 5.00E+18
InP n-type (2-5)E+17

Figure 33 Fitted values from the C-V measurement ahe Al(1-x)Ga(x)AsSb PIN diodes (M433x samples)

5.5 Photo-multiplication characteristic

Avalanche gain measurements were carried out byoymg a 633nm wavelength
laser. A phase sensitive setup was used, with & B#sicture that is detailed in
paragraph 3.3. Normalisation of the avalanche gais carried out at low bias. The

gain of each sample is shown in Figure 34. Breakdwaltages were extracted from
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the graphic representation of the inverted gditM). Table 3 presents the break-

down voltage Yhq) obtained and the electric field modelled by Paiss equation.
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Gain measurement M4338 Gal0% - Raw data
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Figure 34 Gain measurement (raw data) from M433x gaples that are illuminated with a 633nm

wavelength laser
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Gain measurement M4333 - Ga 0%
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Gain measurement M4338 Gal0%
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Figure 35 Gain measurement (normalised) from M433samples that are illuminated with a 633nm

wavelength laser
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Figure 36 Inverted gain (1/M) from M433x samples tht are illuminated with a 633nm wavelength laser
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Ga | Sample Id Vi (V) Electric field at Wy
(%) (V/icm)
0 M4333 12.56 1.01E+06
5 M4335 13.08 1.08E+06
10 M4338 12.42 1.03E+06
15 M4339 12.82 9 64E+05

Table 3 Breakdown voltage obtained from 1/M extrapation and the electric field (at \hq)

In order to clarify the results outlined in TableRgure 37 presents a bar diagram
wherein the electric field is contrasted with Gati composition. As expected, the
electric field drops as Gallium composition inciemsThe decrement of threshold
energies has bearing on this situation. Where @gposition is increased, the band-
gap also increases, whereby less electric fieldeqqired to initialise an impact
ionisation event. However, where Ga compositiorchiea 0%, the electric field does
not display a coherent trend: its valueo{E+06 V/cn is lower than fields entailing
5% (@@1.08E+06 Vicmy and 10% 1.03E+06 V/icy Ga compositions. At present, a
satisfactory explanation of this behaviour hashesn forthcoming.

Electric field at breakdown voltage

1,1le+6

1,1e+6

1,1e+6

1,0e+6

1,0e+6

1,0e+6

9,8e+5

Electric field (V/cm)

9,6e+5
9,4e+5

9,2e+5 A

9,0e+5 T T T T

Ga(%)
Figure 37 Bar diagram for the electric field in acordance with Gallium composition
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5.6 Estimation of ionisation coefficients

The impact ionisation coefficient was extractedrfreach M433x sample via the
local model expression. Assuming that the approttona:=p is valid, the equation

(2.7b) can be expressed in the following manner:

_ M()-1
T MW)w

(4.1)

where M(V) is the avalanche gain and w is the theds of the i-region.

The assumption that=f for AIAsSb alloy has been widely reported in lgemre
[14]. For AL GaAsyseShy.44 alloys the same equivalency was adopted. To enable
direct conversion between bias voltage and thdreddeld, it was assumed that the
electrical field is constant over the entire i-magand null in theg+ andn+ cladding

layers.

Taking these assumptions into consideration, Fig@8rprovides an estimate of the
coefficient in accordance with the inverted elecfield. To draw up this graph, the
gain measurements presented in section 5.5 anthitiess values obtained in
section 5.4 were employed. Furthermore, the resefisrted for thex coefficient of
AlAsSD [16] have been plotted (straight line in graph).
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Alfa coeficient estimation
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Figure 38 Alfa coefficient estimation in accordancevith the inverted electric field for M433x samples

As Figure 38 indicates, the impact ionisation doefht increases once Ga is
incorporated to the alloy. As outlined above, tinend stems from the fact that the
threshold energies decrease in parallel with arement in band gap. It should be
pointed out that thex coefficient obtained from the references fits welth the

estimate employed in this thesis.

5.7 Spectral photo-response

Spectral photo-response was measured for all M43a8xples in order to determine
the band-gap of each quaternary alloy. In Figures3hown the measured spectral
photo-response of M433x samples. Figure 40 presinatis normalised spectral
response. Normalisation was carried out on theslEdhe maximum absolute value
of each curve. Therefore, the results are indepeniethe intensity of the lamp.
Photo-response measurements show a clear trenddowee decrease of band-gap

energy as Ga composition is increased.
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Figure 39 Measured spectral photo-response of M43%amples
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Figure 40 Normalised spectral photo-response of M&X samples
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In order to extract the band-gap of each sampleatesn (2.22a) can be transformed

as follows:

h 1.24eV
Eyg=r—=—"T= (4.2)
Acuttoff Acuttof f(um)

Thus, by extracting the cut-off frequency from dm@aph and employing equation
(4.2), the band-gap was estimated. These valuggesented in Table 4.

Id sample| Ga composition (%) Acuo(NM) | Band-gap(eV
M4333 0 730 1.671
M4335 5 750 1.627
M4338 10 740 1.649
M4339 15 760 1.605

Table 4 Band-gap energies for each M433x sample obtad via the spectral response

The results show a band-gap difference of 0.066beWveen 0% and 15% Ga
composition. However, the trend between band-gdgaireed from M4335 and
M4338 is not as we would have expected, and tremoiconsistent explanation
from this behaviour.

5.8 Temperature dependence of the RAlgsGag 15ASo 56510 44 PIN diode

Section 2.3 outlines that the temperature deperd@fcavalanche gain can be
guantified via the temperature coefficient of breiakvn voltage, Gy In this section,

a temperature dependence study from M4339 (15%dample is presented.

[-V measurements from 200um radius devices weresured at 290K, 250K, 200K,
150K and 77K using the Janis ST-500 probe statetniléd in section 3.4. Figure
41 and Figure 42 illustrates the most represematemperature dependence
measurement from the M4339 (15% Ga) sample. Th& darrent difference
between 290K and 77K in the voltage range com@idii2V is approximately 3-4
orders of magnitude lower. Break-down voltage isaldshed as 12V and no

tunnelling current is observed.
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Forward I-V curve for the M4339 sample at different temperatures - Device (2,4,2) - 200um radius
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Figure 41 Temperature dependence of forward bias |-V measurenm from the M4339 (15%Ga) sample

Reverse |-V curve of the M4339 sample for different temperatures - Device (2,4,2) - 200um radius
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Figure 42 Temperature dependence of reverse bias I-vieasurement from the M4339 (15%Ga) sample
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Avalanche gain measurements were carried out oarae200um radius devices
within the Ab gsGay.15AS0.565kn.44 PIN diode at temperatures of 77, 150, 200, 240 and
270K. The set-up that was used to perform the nneasnts was the Janis ST-500
probe station. A 533nm green laser was includedherillumination of the devices
and a phase sensitive set-up was employed to rethise. It should be borne in
mind that care was taken to illuminate all devirethe centre, to avoid lateral light

injection.

Figure 43 presents the representative resultsatidg the temperature dependence
of avalanche gain. A more detailed graph from Fegd8 at breakdown voltage is
shown in Figure 44. As expected, avalanche gainredses in parallel with
temperature reduction. Figure 45 outlines the it®eegain contrasted with reverse
bias at voltages close to the avalanche breakdoWire linear regressions of each
temperature were also added to the graph for eotatipn. The values extrapolated
from 1/M graph versus the temperature are presented inme=#ft1 In accordance
with equation (2.8), the slope of each regresdimnih Figure 46 corresponds to the
temperature coefficient of the break down voltaQg, The values obtained from

Figure 46 are presented in Table 5.

Gain measurement vs reverse bias at 150,200,240 and 270k
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Figure 43 Temperature dependence avalanche gain from200um radius device within a
Al gsGag 15ASo 56510 44 PIN diode at 77, 150, 200, 240 and 270K

Gain measurement vs reverse bias at 150,200,240 and 270k
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Figure 44 Detailed temperature dependence avalanclgain from a 200um radius device within a
Al g5Gag 15AS0 56300 44 PIN diode at 77, 150, 200, 240 and 270K



Extrapolation of 1/M vs reverse bias aT 150,200,240 AND 270K

0,20

0,15 ~

0,10 ~

v

0,05 A

® 270k
A 240k
< 200k
| 150k
—— 270K regression
—— 240k regression
200k regression
—— 150k regression

0,00

11,6

11,8

12,0 12,2

12,4 12,6 12,8 13,0

Reverse bias (V)
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Device 2| 1.3
Device 3| 1.5
Table 5 Temperature coefficients of break-down voltag, C,y, Obtained from several 200um radius devices

within an Al g5Gag 15ASg 565y 44 PIN diode

At the time that this research was carried outremorted results o€,q from an
AlAsSb PIN diode with a 100nm thick multiplicatiorgion had been reported (as
was the case with the M4339 sample). Thereforgroved impossible to establish a
straightforward comparison dfyq values for AIASSb and AksGay 15AS0.565.44
alloys. However, there are some reported resulté\idsSb PIN diodes with 80nm
thick multiplication regions [30]. These resultssase thatC,y exhibits linear
behaviour in relation to the thickness of the nmlitation region thickness. An
extrapolation taken from [30] provides the follogiaquation:

Cpa (5, AlASSb pin) = 3.467x10 3w (nm) + 0.6727 (4.3)

where w is the thickness of the multiplication layer. Vamuation (4.3), where
w=100nm, a value o€,= 1.02 mV/K was obtained. When comparing g of
AlAsSb PIN diode and of the M4339 sample (15% @&aj)an be seen that the latter
has a higher value (1.47 mV/K). This is consisteith what was expected, given
that M4339 has a lower band-gap, and is therefaveerseverely affected by the

phonon scattering rate.

5.9 Conclusions
This chapter presents an electrical and opticalachterisation of AlGaASy 565k 44
PIN diodes for Gallium compositions of 0%, 5%, 18#d 15%.

IV measurements at room temperature indicate thatamples evidence surface
leakage current domination. This issue is explaioedhe basis of mesa sidewall
oxidation derived from the high level of Al- compwlin the alloy. Comparison

between samples shows that there is a significeeredse in dark current level (~2.5

magnitude order lower) as the percentage of Galigumcreased. Indeed, it has been
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found that a maximum percentage of 10% of Galliusmposition saturates the

minimum achievable dark current (~2.5e-7A).

CV and avalanche gain measurements were carriethontder to determine the
relationship between the electric field and thecprtage of Gallium composition. At
first approximation, the electric field decreasesarallel with the Ga percentage.
However, it should be noted that the M4333 sampflé Ga) was contradicted initial
assumptions. The reason for this inconsistencyhbtaiget been ascertained.

Furthermore, the ionisation coefficient for eacmpbe was estimated. Assumptions
such as:=p and the confinement of the electric field onlytive multiplication layer
were adopted in order to simplify calculations. Tesults indicate that the ionisation

coefficient increases in parallel with the Ga cosipon percentage.

Spectral photo-response was carried out to obtai@paroximation of the band-gap.
The following results were obtained: Eg= 1.671,2%7,61,649 and 1.605 eV from
M4333 (0% Ga), M4335 (5% Ga), M4333 (10% Ga) and3BB! (15% Ga),

respectively.

Finally, a detailed temperature dependence studiieoRb ssGay 15AS0 56544 PIN
diode (M4339) was carried out. No tunnelling cutreras detected via the |-V
measurement at low temperatures. Gain measurenvergscarried out to extract an
estimate of the temperature coefficient of the km@awn voltage,Cpq. The mean
value obtained wa€,~1,47 mV/K. This value is higher in comparison witre
estimate for the AIAsSb PIN diode. Effectively,diesult is consistent given that

the reduction of the band-gap entails a decreatigediot carrier population.
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6. Future work and final conclusion

6.1 High speed devices

Section 1.3 indicates that is necessary to reduedhickness of the multiplication
layer as much as possible in order to increase GBRlate, the best reported GPB
for a SAM ADP pertains to an InGaAs/InAlAs struguHowever, in this case GPB
is still limited to 140-220 GHz [31,32,33] and tbecess noise obtained was probed
to improve only slightly in comparison with InGafxg? SAM APDs. The minimum
multiplication layer thickness found in InGaAs/Ir®d SAM APDs that achieves the
lowest excess noise without significant tunnelliofy current is presumed to be
150nm [2]. This last design yields operation of Gb/s in term of the best
sensitivity.

The main objective of this thesis it is to deveknp innovative SAM APD photo
detector that can achieve GPB far beyond 200 GHizasnoperating bandwidth of
over 10 GHz. This new technology, as indicated abawll be accomplished via the
use of a wide band-gap material (AIAsSb) in the tiplitation layer. In order to
achieve prior GPB and bandwidth values, it is etgumbthat this innovative SAM
APD will require a multiplication thickness of legsan 50nm.

Beyond this scenario several issues arise. Fronpdimg of view of the material
properties, AIAsSb is an —Al containing alloy thaxidises very readily when
exposed to air. This condition implies a very hagiface leakage current that cannot
easily be resolved. On the other hand, the standatdand dry etch procedures
employed during the mesa step formation has beewrsto cause premature edge
break down. This is due to the high and uncontotgl@tching rate of AIAsSb alloy.
Both issues have been addressed in this thesis.

Section 4 outlines several wet and dry etch schemas attempt to resolve the issue
of premature edge break down. However, all trialeved unsuccessful, either
because the SEM pictures evidenced serious underollems, or because the
chemicals proved incapable of etching the structure
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A surface leakage current scheme was presenteéditios 5. A series of Al
xGaASy 565k .44 PIN diodes with Gallium compositions of 0%, 5%%d@&nd 15%
were produced and characterised. The inclusion afiutn composition within
AlAsSb alloy has been shown to be promising in geohreducing leakage current,
as borne out by the dark current measurements. h&ndhteresting result was
observed on the basis of the estimation of impantsation coefficients, which
increase in parallel with an increment of the Gengosition. Future works should

focus on the inclusion of Ga composition in new SAMDS.

Other issues relating to device manufacture musaken into account. As indicated
in section 2.6, the RC limited bandwidth is the mnabntributing factor to the
degradation of bandwidth within a high speed devie®m the point of view of
manufacture, the series resistance, R, is the keyufe to be minimised. It is
determined mainly by the upper metallic contacthef device. Therefore, different
metallic contact process schemes should be testedder to diminish resistance as
much as possible.

Finally, the innovative SAM APD structure preseatsnumber of technological
issues that must be resolved. As indicated inid. 5 SAM APD, the charge sheet
layer is placed between the absorption layer aednthltiplication layer to control

their electric-field difference. To achieve a ladjfference within the electric fields,
the doping level of the charge sheet must be seiffity high. However, this has
been shown to prove very difficult when it is growmra MBE machine. Several new
structures must be evaluated during this thesialltw the grower to calibrate a

successful doping level for the charge sheet layer.

6.2 Measurement of the excess noise of InGaAs/AlAsSb BIRAPDs.

As discussed in section 1.3.1, the thickness of nthatiplication layer must be
reduced in order to decrease excess noise. This isslinked to the dead-space
effect cited in section 2.5. The measurement tteess noise of AIAsSb SAM
APDs with a 40nm thick multiplication layer has bheeported to be very lovkdi:
~0.1 to 0.15) [13]. Therefore, AIAsSb material b@es a viable option for low-

noise APD application.
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As this thesis is dealing with a new AIAsSb malteftat the manufacture of APD
devices, it is useful to characterise excess noiserder to compare performance

with reported results.

6.3 Temperature dependence of INnGaAS/AlAsSb SAM APDs.

Section 2.3 has indicates the importance of tentperadependence when
characterising APDs. The two key features of temjpee dependence were also
presented: the coefficient of the breakdown volt&le and activation energ¥g,.
The first parametelCyq, determines the temperature dependence of th&doea
voltage, whilst activation energieg,, allow for deep analysis of the components

that make up dark current.

The temperature dependence results for thgBky 15AS0 565y 44 PIN diode sample
are presented in section 5.8. However, more gathdark current measurements
should be carried out for the other Ga composis@amples in order to establish any

trend.

On the other hand, dark current measurement asahyast be carried out for the
INnGaAsSb/AIAsSb SAM APDs under review in this tlsesActivation energy
extraction,E,, will allow us to determine the domination meclksamiwithin the bulk

and surface current components as well as tharexisaps in the structure.
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8. Appendix 1: Devices structures

SAM APD 1 (REV 2) devices

Doping tvpe Material Doping density Thickness
ping typ Nominal (cn) | Fitted (cn?) Nominal (hm) Fitted (nm)
p’ contact InGaAs 1x19 - 10 -
p’ cladding INAIAS >5x 16 5x108 300 -
. . InAlGaAs (Eg ~ 5 5
i grading 11 eV) <2x10 1x1¢ 50 50
i absorption InGaAs <2x10 6x10° 500 500
. . InAlGaAs (Eg ~ 5 6
i grading 11ev) <2x10 2x10 50 50
p charge sheet INAIAs 5x10 2.9x107 55 55
i intrinsic INAIAS <2x10° 1x10° 50 50
p charge sheet AlAsSb 1x£0 4x107 44 44
i multiplication AlAsSb <2x18 1x10° 50 40
n* cladding AlAsSb >5x1% 5x108 100 -
n* contact InGaAs 1x19 - 300 -
Semi-insulating InP
PIN 3 (UCL 1) devices
. . Doping density Thickness

Doping type Material Nominal (cn®) | Fitted (cn?) Nominal (nm) | Fitted (nm)
p* InGaAs 5x168 - 100 -
p* AlAsSb >2x10°8 7x107 200 -
i AlAsSb Undoped 1x19 30 30
n* AlAsSb >2x10° 7x10" 50 -
n* InGaAs 5x16 1000 -
Semi-insulating InP
M4333 PIN diodeAlAs(0.56)Sh(0.44)

Purpose Thickness (nn])  Material Type Dopingm

p’ contact p 5x10¢

In(0.53)Ga(0.47) As
. , p* 2x10"

p’ cladding AlAs(0.56)Sh(0.44

. i i 10"

i absorption| 100 AlAs(0.56)Sb(0.44
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R . 2x10%
n'cladding | 100 AlAs(0.56)Sbh(0.44
. 5x10
n' contact 1000 In (0.47) Ga As
Sustrate o InP -
M4335 PIN diode Al0.95Ga0.05As(0.56) Sh(0.44)
Purpose Thickness (nn)  Material Type Doping &m
p’ contact p 5x10°¢
100 In(0.53)Ga(0.47) As
R ) 3 2x10
p'cladding | 300 Al0.95Ga0.05As(0.56) Sb(0.44§)
_ _ i 10"
i absorption| 100 Al0.95Ga0.05As(0.56) Sbh(0.44)
] n 2x10
n*cladding | 100 Al0.95Ga0.05As(0.56) Sh(0.44)
n 5x10'
n*contact 1000 In (0.47) Ga As
-— n —
Sustrate InP

M4338 PIN diode Al0.90Ga0.1As(0.56) Sb(0.44)

Purpose| Thickness (nmMaterial Type| Doping (cnt)
p’ contact p 5x10°¢
100 In(0.53)Ga(0.47) As
, Al0.90Ga0.1As(0.56) Sb(0.44) *p 2x10%
p*cladding | 300
_ _ Al0.90Ga0.1As(0.56) Sb(0.44) | o
i absorption| 100
, Al0.90Ga0.1As(0.56) Sb(0.44) "n 2x10%
n*cladding | 100
n* 5x10'
n*contact 1000 In (0.47) Ga As
—_— n J—
Sustrate InP
M4339 PIN diode Al0.85Ga0.15As(0.56)Sb(0.44)
Purpose Thickness (nn)  Material Type Dopingm
p’ contact p 5x10¢

100

In(0.53)Ga(0.47) As
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_ Al0.85Ga0.15As(0.56)Sb(0.44) *p | 2x10%
p*cladding | 300
, , Al0.85Ga0.15As(0.56)Sb(0.44) i ¥o
i absorption| 100

) Al0.85Ga0.15As(0.56)Sb(0.44) “n | 2x10%
n*cladding | 100

n 5x10'
n*contact 1000 In (0.47) Ga As
- S| -

Sustrate InP
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9. Appendix 2: Scientific literature and sources for vet etching

study

Chemical etchant 1

Chemical etchant 2

Chemical etelmt 3

References

H2S04:H202:H20(1:8:80)

HCl(pure)

H2S04:H202:H208®

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H20(1:1)

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

H2S04G2H20(1:8:80)

[1] J. J. Xie, “Characterizatio
of low noise InGaAs/AlIAsSb
/Avalanche Photodiodes”, Ph
thesis, University of Sheffield
2013.

n

i

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

HBr:C28i2:K2Cr207

Shiyu Xie Thesis

H3PO4:H202:H20:Tartaric
(1ml:1ml:350ml:0.49)

Ac

IAppl. Phys. Lett.75, n 1§
D.K. Johnstone

H2S04:H202:H20(1:8:80)

H3PO4:H202:H20:Tartaric
Acid (1ml:1ml:350ml:0.49)

IAppl. Phys. Lett. 75 n 18
D.K. Johnstone

H2S04:HCI:H20(1:1:8)

IAppl. Phys. Lett. 71, 13]
(1997); doi: 10.1063/1.11989

H3PO4:H202:H20(3:4:15)

HCI:H202:H20(1:1:5)

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

HCL:H2®8120 (1:1:60)

Our Experience

80



H2S04:H202:H20(1:8:80)

HCL:H202:H20 (1:1:60)

Our Experience

H2S04:H202:H20(1:8:80)

HCL:H202:H20 (1:1:60)

Our Experience

H2S04:HCI:H20(1:1:8)

Appl. Phys. Lett. 71, 13]
(1997); doi: 10.1063/1.11989

H2S04:HCI:H20(1:1:8)

Appl. Phys. Lett. 71, 13]
(1997); doi: 10.1063/1.11989

H2S04:HCI:H20(1:1:16)

Appl. Phys. Lett. 71, 13]
(1997); doi: 10.1063/1.11989

NH4(19:1)0OH:H202:H20(1:10:100)

Our Experience

H2S04:H202:H20(1:8:30)

Our Experience

HBr:HNO3:H20(1:1:30)

N/A

HBr:HNO3:H20(1:1:10)

N/A

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

Our Experience
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H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

HBr:C28i2:K2Cr207

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

HBr:C28i2:K2Cr207

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

Our Experience

H2S04:H202:H20(1:8:80)

HCI:H202:H20(1:1:5)

H2S04G2H20(1:8:80)

Our Experience
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10 Appendix 3: Scientific literature and sources for dy etching

study
Compound [Etching (Gas Rate Comments References
GaSh ICP BCI3/Ar 5100A/min
. Info for RF Power/D )
ICP CI2/Ar2 4.um/min . J.Vac.Sci.Technol. B 17(
Bias/Pressure/Gas. Percentage
AlGaAsSb ICP BCI3/Ar 4200A/min . May/June 1999, pp965-96
be found in the paper.
ICP CI2/Ar2
) ) Photoresist: AZ 4330, positivep
GaSh ICP BCI3/SiCl4 | gm/min .
(etching <1@um).
Photoresist: AZ 4903, positi
AlGaAsSh ICP BCI3/SiCl4 | dm/min )
17um (etching ~90m). ) S
] ) ] Thin Solid Films 516 (200
InGaAsSb ICP BCI3/SIiCl4 | 2pn/min Preetch step: Ar, 2mins, ICP pov
pp8712-8716
(100W), DC Bias (250W), 3scc|
1.0Pa to remove native oxides-
>smooth and uniform etch profi
Second-etch step: BCI3/SiCl4.
GaSb ICP Cl2/Ar2 According to the paper, in order| . )
Materials Science
GaSb ICP CI2/H2 2000- use CI2/N2, CI2/H2, we need 75 . )
. . .. |Semiconductor Processin
5000A/min for ICP power. Maximum limit i
GaSb ICP CI2/N2 (1998) pp65-73
our clean room: 450W.
InGaAsSb/AlGaAs$ ) Slow rate for GaSkased quaterngAPL  Vol.77, Number?
ICP CI2/Ar <20nm/min
b alloys. 2000, pp1008-1010
GaSb/AlGaAsSb/In APL Vol.75, Numberl§
RIE BCI3
GaSb/AlGaAsSb 1999, pp2779-2881
[1] J.J.Xie,
“Characterization of low
. RF Power: 220W, ICP Pow(noise InGaAs/AlAsSb
InGaAs/AlAsSb ICP SiCl4/Ar 1@m
100W, Gas Ratio 8/30 /Avalanche Photodiodes”,
PhD thesis, University of
Sheffield, 2013.
[1] J.J.Xie,
“Characterization of low
) RF Power: 280W, ICP Pow(noise InGaAs/AlAsSb
InGaAs/AlAsSb ICP CI2/Ar 0.383M/min ) )
500W, Gas Ratio 7/12 /Avalanche Photodiodes”,
PhD thesis, University of
Sheffield, 2013.
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11 Appendix 4. Fitted values from the C-V measuremenbf the

Al(1-x)Ga(x)AsSb PIN diodes (M433x samples)

Wafer Thickness (nm) Composition Doping (cm-3) G':::::h Fittad Dg;’ing (em- Fitted(:t’:i:):kness
100 In0.53 Ga0.47 As p 5.00E+18
300 Al As0.56 Sb0.44 p 2.00E+18 2E+18
M4333 100 Al As0.56 Sb0.44 i 1.00E+15 1E+15 103
100 Al As0.56 Sb0.44 n 2.00E+18 2E+18
1000 In0.53 Ga0.47 As n 5.00E+18
InP n-type (2-5)E+17
100 In0.53 Ga0.47 As p 5.00E+18
300 p 2.00E+18 2.10E+18
M4335 100 i 1.00E+15 | As:61% 1E+15 102
100 n 2.00E+18 2.4E+18
1000 In0.53 Ga0.47 As n 5.00E+18
InP n-type (2-5)E+17
100 In0.53 Ga0.47 As p 5.00E+18
300 p 2.00E+18 2E+18
M4338 100 i 1.00E+15 | As:66% 1E+15 99.5
100 n 2.00E+18 2E+18
1000 In0.53 Ga0.47 As n 5.00E+18
InP n-type (2-5)E+17
In0.53 Ga0.47 As p 5.00E+18
p 2.00E+18 1.7E+18
M4339 i 1.00E+15 | As:66% 1E+15 109
n 2.00E+18 1.7E+18
In0.53 Ga0.47 As n 5.00E+18

InP n-type (2-5)E+17
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