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Abstract

We present full-scale relativistic pseudopotential calculations of the first-order
susceptibility in p-type SiGe/Si multiple quantum well structures with a view
to exploring the suitability of such systems for infrared applications in the
3-5um and 8-15um ranges. A derivation of an expression for the linear sus-
ceptibility, or absorption, is given and the frequency dependence of the linear
response due to transitions between the valence minibands is determined.. The
microscopic origin of the absorption 1s demonstrated for both parallel and nor-
mal incident light. Comparisons between calculated and experimental results
are presented and shown to be in good agreement. The eftects of changing
well width, temperature, doping concentration and germanium concentration
in the well are considered.

We also consider Auger recombination and discuss the possibility of en-
gineering the miniband structure in order to prevent certain Auger processes

occuring, Preliminary results from full scale Auger calculations are also pre-

sented.
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Chapter 1

Infra-red Detectors

1.1 Introduction

Infra-red (IR) radiation was discovered by Herschel (1800) using a mercury
glass thermometer to detect sunlight that had bheen dispersed by a prism.
The IR range of wavelengths covers the region =~ 1 — 1000pgm. The basic
characteristics of this range of wavelengths which makes it of interest are that
1t does not penetrate metals but passes through many crystalline and gaseous
materials, in particular the earth’s atmosphere. There are two windows in
the atmosphere in which IR absorption is at a minimum, i.e. 8 — 15um and
3 — Sum, which are ot particular interest.

In this chapter we review the development ot long wavelength IR detectors
from the earliest thermal detectors to present day quantum well systems. We
discuss various figures of merit which can be used to compare detectors of

different types and the detection mechanisms for each type of detector. We

also alm to give an indication of the current state-of-the-art for each system.



1.1.1 Uses of Infra-red Detectors

Efforts have been made over many years to create a sensor which can ’see’
in the infra-red range of wavelengths, in an analogous manner to the human
eye. The present day demand for IR detectors is huge and they are put to a
wide variety of uses. Presently, most equipment is used by the military who
are undeterred by the high cost and power usage of the current devices. IR
detectors can be used for thermal imaging, guidance, reconnaissance, surveil-
lance and communication systems. In civilian life they can be employed for
such varied tasks as an improved night sight system for drivers or aircraft,
to satellite research mapping, non-destructive testing and heat flow problem
analysis. The IR range of wavelengths is particularly appropriate for monitor-
ing the composition of the atmosphere and molecular clouds as the absorption
lines of oxygen, water, carbon monoxide and nitrous oxide all lie between 3-18
Q.

There are also many space-related and astronomy uses. IR radiation 1s par-
ticularly good for observing planetary systems as in this range ot wavelength
the star and its circling planets are of approximately the same brightness. The
future requirements for energy efficiency will make infrared imaging a routine
technique for discovering potential energy leaks in housing and other struc-
tures. Infrared detectors have also been used with success to count deer and
seals. The same technique was not effective with elephants, however, due to a
tendency of the elephants to stand under trees! (Prinizivalli 1992). The move
away from military applications means that the cost and power consumption

of the devices must be decreased, and ease of use must be improved. However,

lower device performance should be acceptable.




1.1.2 Arrays

To create a useful imaging system large numbers ot single detectors must be
formed into arrays such that each array element (pixel) contributes to the
overall response. Arrays are formed by methods similar to processes used for
silicon integrated circuits. A typical sequence for array manufacture would be
(Broudy 1981): a slab of high quality material is bonded to a substrate and
then polished and etched to optimum thickness (i.e. thick enough to absorb
most of the optical radiation and thin enough to minimize bias current). The
array 1s then delineated using a photolithographic process with etching, and
external electrical contacts are attached by means of wire bonding.

There are two different approaches that can be used to create imaging
systems. Scanned Imagers were developed many years ago and use a system
of rapidly rotating precision mirrors to scan the entire target scene sequentially
across a very small number of IR sensors, usually a linear array (Wood 1993).
The detectors used need to be highly sensitive with a fast response time. At
the moment they need to be cryogenically cooled (to less that 100K) in order
to obtain useful sensitivity. This is because the dwell time is very short. This
method is used because comparatively few sensors are needed, thus reducing
the cost. This type of array is currently made from either HgCd'Te or InSb
operating at 100K. The typical cost of such an array in 1993 was $100,000
(Wood 1993).

An alternative approach is to use staring imagers where a large 2-D array
of sensors, typically an array of 256 X256 elements, is placed in the focal plane
of the lens, with one IR detector for each pixel in the display. No mirrors are
involved and thus the response time of the detector can be longer: up to 100
times that required for scanning arrays. The relative sensitivity is therefore

increased by approximately an order of magnitude. Scanned imagers were




popular when detectors were very expensive but for high quality focal plane
applications staring arrays are required. This produces an additional quality
requirement on the detectors in that the pixel-to-pixel variation must be small
in order to produce a high quality image. The future of array design is in

staring arrays so 1t is these we shall concentrate on in this chapter.

1.1.3 Noise

All detectors produce noise, which is defined as the electrical voltage or current
output from the detector that is not coherent with the radiation signal power.
In general, the detector noise is a function of the bias, modulation frequency
and the area of the detector. In a practical set up there are also contributions

to the total noise from radiation noise and noise produced by the amplifiers

1in the circuit. For a general discussion of noise in devices see Eismann (1977)
and references therein.

In thermal detectors the active element will have a statistical interchange
of energy with its surroundings, and hence random temperature fluctuations
will occur which set a lower limit to the detectable radiation.

In photoconductive detectors there are several sources of noise, 1/f noise,
Johnson noise, noise caused by dark current and noise resulting from the fluc-
tuation of the number of photons (photon noise).

Johnson noise 1s due to the random thermal motion of the charge carriers
in the crystal. This noise i1s essentially due to small changes in the voltages
at the terminals of the device due to the random arrival of charge at the
terminals. For normal frequencies of operation of IR detectors, 1.e. hv > kT,
this noise contribution 1s independent of frequency and current but increases

with temperature.

1/f noise. Many electrical devices exhibit excess noise, large at low fre-




quency and decreasing as the frequency is increased. The exact physical mech-
anism responsible for this noise varies from device to device and 1s not fully
understood.

Generation-Recombination (g-r) Noise also known as shot noise, 1s noise
due to the random generation of free charge carriers by the crystal lattice
vibrations and their subsequent random recombination. Because of the ran-
domness of these events there 1s unlikely to be exactly the same number ot
charge carriers in the free state at succeeding instances of time. This fluctu-

ation leads to conductivity changes that will be reflected as variations in the
current flow through the crystal.

Photon Noise occurs when free charge carriers are generated by external
photons rather than lattice vibration, fluctuations in generation rate will be

caused by the random arrival of photons at the detector. The detector thus
reflects the fluctuations in the photon stream. The main source of this noise
1s background radiation falling on the detector.

Dark Current, is the current that flows in the circuit when the detector 1s
not illuminated. All photodetectors produce dark current, 1.e current gener-
ated from sources other than the target. There are three main contributions
to the dark current in quantum wells. Thermionic emission where carriers are
thermally excited into current carrying states above the top of the well. This
contribution varies exponentially with temperature and is the dominant source

of dark current at temperatures above 45K. Secondly there is temperature de-
pendent tunnelling, which is the tunnelling of carriers into the neighbouring
wells for low lying well states. This contribution only depends weakly on tem-
perature and is observed when the temperature is below that necessary for
thermionic emission, thus this term 1s dominant below 30K. Finally there is

thermally assisted tunnelling where a thermal excitation is followed by tun-
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nelling from the excited stated. This contribution is very small compared to
the thermionic emission except at very high fields.

Ways to reduce noise include using the lowest feasible bias current. keep-
ing the detector temperature below the thermal generation rate, reducing the
detector background radiation as much as possible and improving processing

methods to reduce impurities, dislocations etc. Contributions from the dark

current and photon noise often limit the detectors ultimate performance.

1.1.4 Figures of Merit

In order to tully describe a detector’s characteristics a large number of parame-
ters need to be known, namely the detector signal, noise, bias and temperature
as well as the radiation signal power, the physical and electrical properties ot
the detector and the background conditions under which the detector 1s oper-
ated (Eisenman 1977). This obviously becomes a lengthy process so in order
to ease comparison between various systems certain figures of merit have been
defined, the most commonly used of which are the responsivity, , the detec-
tivity, D*, and the quantum efhciency, 7.

Detectivity, D*, is the signal to noise ratio normalized to unit area and unit

bandwidth.

Ry /A .
Dy VIE emHz2 W™ (1.1)

where A, is the photosensitive area of the detector, 2, 1s the noise current

defined as

in=1lbeg]l  AHz? (1.2)

where [ i1s the total current in the device and ¢ is the photo-conductive gain.

The responsivity Ry is defined as

I, eAng
R, = =% —
4 P)\ hC

~ 0.8Ang (1.3)
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where 7 1s the absorbance of the detector, sometimes known as the quantum
efliciency, I, is the r.m.s. signal current from a monochromatic source, and P
1s the r.m.s. signal power.

The quantum efficiency is defined as the efficiency of the process whereby
a photon stream incident on the detector crystal is converted to free electrons
(or holes) within the crystal. Its values range from 0 to 1, or 0% to 100%,
corresponding to no photons absorbed in the crystal and all incident photons
absorbed respectively. To optimize detector performance it is desirable to
maximize the quantum efficiency.

Pixel to pixel variation cannot be fully described by single pixel character-
1stics and ‘spatial’ noise caused by such variation must be accounted for. In
practical applications NEAT 1s a general figure of merit for describing arrays,
defined as the noise equivalent temperature difference 1.e. the minimum tem-
perature difference across the target that would produce a signal to noise ratio

of unity. A general expression was derived by Shepard (1988),

N.

NEAT = —2
AN, /dT,

(1.4)

where T, 1s the background temperature, NV, i1s the total number of noise

electrons per pixel, 1.e.

N? = N} + Ny + u’N{ (1.5)

where [V; 1s the photoresponse-independent temporal noise and u 1s the residual
non-uniformity after correction by electronics, N, 1s the shot noise from IR

background radiation. When the uniformity term dominates this expression

can be approximated to (Levine 1993)

(1.6)

where ) is the average wavelength. In the spatial noise limit NEAT is propor-

tional to u, the non-uniformity. Thus for high detectivities, i.e D* > 10%cm

12



Hzz W-! the performance of the device is limited by the degree of non-

uniformity and NEAT is the relevant figure of merit.

1.1.5 Background Limited Performance

An ideal background limited performance (BLIP) device is one in which the
number of noise carriers, NV, 1s dominated by the shot noise of the optically
generated carriers. If this condition can be achieved then the maximum possi-
ble detectivity will result. The temperature at which this condition is reached,
1Br1P, 15 a sensitive function of the dark current. Thus to operate a device at
the highest possible temperature without degrading device performance to an

unacceptable degree, the dark current must be minimized.

1.2 Thermal Detectors

We are now in a position to compare various types of detectors and discuss
their potential for the creation of practical IR 1maging systems.

There are two main types of detector; thermal detectors and photodetec-
tors. One distinguishing feature between thermal and photodetectors is that
in thermal detectors the excitations generated by photon absorption relax to
a thermal distribution at an elevated temperature in the thermometer before
they are detected. In photodetectors, it 1s the non-thermal distribution of ex-
cited carriers that i1s detected before 1t relaxes. The output of a photodetector
is governed by the rate of absorption of photons not on the photons’ energy.

Another important difference between thermal detectors and photodetec-
tors is that thermal detectors accept or 'see’ radiation from the entire electro-

magnetic spectrum whilst photon detectors cut off the longer wavelengths at

their sharp absorption edges at A.. In photon detectors the speed of response

13



is governed by the by the free carrier lifetime, typically less that 107®s. For
thermal detectors, however, the response time 1s related to the thermal time
constant which is of the order of 107°s. In photodetectors the non-equilibrium
charge carrier concentration generated by photo-ionization can easily be made
to exceed the dark carrier concentration by cooling the device to sufficiently
low temperatures.

Thermal detectors typically operate at room temperature but are unselec-
tive slow and of low sensitivity. They are, however, cheap and easy to use
with no cooling requirement. The lack of sensitivity can be overcome by cre-
ating arrays of large numbers of detectors (Wood 1993). A review of thermal
detector technology is given by Richards (1994).

All thermal detectors include an absorbing element which converts inci-
dent electromagnetic radiation into heat. The absorption of light raises the
temperature of the device and thus results in a change of some temperature
dependent parameter, e.g. the conductivity. Therefore the output of the ther-
mal detector i1s proportional to the amount of energy absorbed per unit time
and, provided that the absorption efliciency is the same at all wavelength, it

1s iIndependent of wavelength.

The radiation thermocouple 1s one of the most widely used thermal detec-
tors, principally for infrared spectroscopy. Typical D*’s range from 10°-10°
cm HzzW~1. Another common type of thermal detectors is a bolometer, de-
veloped by Langley (1881), in which the incident radiation heats a fine wire
or magnetic strip causing a change in its electrical resistance. Pt and N1 are
common materials used for the wires. Carbon resistance bolometers operating
at 4.2K have proved very successtul for IR astronomy where very sensitive
detectors are required (Richards 1995). An alternative approach is the Golay
pneumatic detector (Golay 1947) in which heat is absorbed in a thin metal

14



film then transfered to a small volume of gas. The resulting pressure increase
changes the angle of a mirror in an optical amplifier. A third approach is to
use a pyroelectric material whose dielectric constant is a sensitive function of
temperature. Both these types of devices have been used in IR spectroscopy
since the 1960’s (Haoni 1963).

Recent developments include microbolometers fabricated from microma-

chined S5i. These detectors can attain thermal isolation (the limiting factor
1in thermal detector performance) approaching the theoretical maximum and
also demonstrate excellent IR sensitivity. NEAT’s of better that 0.05°C have
been demonstrated (Wood 1993).

The current state of the art is an uncooled array of approximately 80,000
pixels on a 50um centre consisting of a vanadium oxide resistive material de-

posited 1n thin film form on an Si microstructure containing transistor switches

at each pixel. A NEAT of 0.039°C in the 8-12 um range was observed (Hanson
1993).

1.3 Photodetectors

Photodetectors are semiconductor devices which can detect optical signals
through electronic processes resulting in a fast and selective response. Ra-
diation 1s absorbed within the material by interaction with electrons bound
to lattice or impurity atoms or with free electrons. The observed electrical
output signal thus results from the changed electron energy distribution. The
exact nature of this interaction allows us to further subdivide IR photode-
tectors into four distinct categories: intrinsic, extrinsic, photoemmaisive and
quantum well detectors. We shall briefly study these first three categories

before concentrating our attention on quantum well systems.
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1.3.1 Intrinsic Detectors

Radar technology developed in World War Il but IR technology was still in
1ts infancy. Only active IR image converters and single element PbS devices
(Cashman 1946) were available. Neither of these options was capable of per-
forming passive IR imaging. The lead salt family were explored, (Cashman
1959), including PbSe and PbTe which were used in missile guidance and 3-5
pm thermal imaging. III-V semiconductors were discovered (Rieke 1959) and
InSb-based systems were developed. InSb operates at 77K but only in the 3-5
um range. What was needed was a device that would operate at this higher
temperature but in the 8-12um range, 1.e. an InSb-like material but with halt
the band gap. Several candidate were considered, grey Sn, HgSe and Hg'Te all
of which turned out to be semi-metallic. In 1959, Lawson (1959) published re-
sults that Hg;_.Cd,Te exhibited semiconducting properties over much of the
range of composition, ranging from a wide gap semiconductor at x=1 to a semi-
metal at x=0. The band gap of this tertiary alloy can be varied by altering the
concentrations of HgTe and CdTe. The band gap varies approximately linearly
with composition. Thus the band gaps and hence the wavelength response can
be tuned to any wavelength between 1-20um. By 1965 Hg(CdTe photoconduc-
tion IR technology had advanced sufficiently for prototypes of imaging systems
and small array detectors were developed. In the 1970’s rapid progress was
made, detector technology matured and other compositions suitable for ap-
plications in the 1-3um, 3-5um and 15-30um ranges were investigated (Riene
1977). This system has been extensively studied, (see, for example, Long 1970,
Harman 1974), and a review of the development of HgCdTe can be found in
Kruse (1981). Photo-conductive detectors of HgCdTe are the current industry

standard for IR applications.

An intrinsic photodetector works by absorption across the fundamental
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Figure 1.1: The absorption mechanisms for intrinsic and extrinsic absorption.

band gap, 1.e. an incoming photon excites an electron from the valence band
into the conduction band as shown in figure 1.1. Absorption leaves a hole
1n the valence band. These photoexcited carriers are collected to produce a
photocurrent or photovoltage. As the absorption of a photon creates an elec-
tron and a hole, there 1s no need for doping. The advantage of an intrinsic
system 1s its low thermal generation of carriers 1.e. there are no dopant lev-
els 1n the fundamental gap with excitation energy comparable to kT. Thus
they can be operated at room temperature and there is no need for expensive

cooling devices. Hg;_,(Cd,Te has been used for photo-conductors, junction

photo-diodes, charge coupled devices and metal-oxide-semiconductor field et-
fect transistors, MOSFETS. Each of the above can be used for IR detection,

the choice depends on the specific application.

A typical detectivity for a HgCdTe system at 80K with a cutoftf wavelength
of ~ 10um is D* = 3 x 10!2 cm Hzz W~!. The advantages of HeCdTe are that
the system is lattice matched, a large range of band gaps 1s available and a high
operating temperature i1s permitted. It also exhibits high optical absorption
coefficients. The disadvantages are that in the wavelength range of interest this
alloy is a narrow gap semiconductor and thus is difficult to grow and the change

in wavelengths with alloy composition is rapid when the wavelength exceeds
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10pum. Also it is not compatible with Si technology and thus integrating into
very large arrays will prove problematic. The reproducibility of devices is poor
and thus large arrays have high pixel-pixel variation resulting in a large spatial
noise. This system also suffers from large dark tunnelling currents and Auger
recombination rates that exceed radiate recombination rates.

Progress in array size is intimately linked to the development of improved
crystal growth methods and techniques for interconnecting to Si readout cir-
cuttry. Liquid phase epitaxy, LPE, has allowed increasingly large arrays in
both medium and long wavelength bands. Array sizes of up to 640x480 have
been developed (Kozlowski 1994). Recent developments have been the suc-
cessful growth of HgCdTe on Si substrates (Wang 1995).

There are other compounds which can be used to fabricate intrinsic detec-

tors. The most well know of these 1s InSb, for which arrays of size 256 x256
have been demonstrated (Hackwell 1993). However, this system has a maxi-

mum wavelength range of up to 5um as the band gap is fixed. There has also

been recent studies of other ternary alloy systems, namely InAsSb, HgZnTe

and HgMnTe (Rogalski 1989a 1989b and 1991 respectively.)

1.3.2 Extrinsic Detectors

Impurity photo-conductivity was recognized at an early date as a good candi-
date for sensitive IR detection. An review of the properties of 51 and Ge extrin-
sic detectors 1s given by Bratt (1977). Impurity ionization levels in Ge range
from 0.01eV (Al, Sb and others) to 0.35eV (Fe), and in Si from 0.04 (B) to
0.55eV (Cd). Therefore the cutoff wavelength for extrinsic photo-conductivity
ranges from 2-120pm, which is by far the largest wavelength span of any set of
devices. It 1s this great versatility which has been the key reason for interest

in these systems. These detectors were first studied in the 1950’s using Ge and
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O1. Interest was in the 3-5um and the 8-14um atmospheric windows, thus re-
search concentrated on Si with dopant energy levels of 0.04-0.06eV. The first
published results were by Burstein (1954). Deep level impurity atoms were
then discovered and research shifted to Ge doped with Au, Cu and Zn. IR
devices consisting of Ge:Zn and Ge:Cu were demonstrated and developed into
very sensitive detectors. (Bratt 1961) These detectors needed cooling to 4K,
however, which severely limited applications. In 1957 it was discovered that by
introducing impurities into SiGe alloys a new range of ionization energy levels
was available (Morton 1959). Ge:Hg was discovered in 1962 (Borrello 1962)
which has the required 90meV ionization energy and is easily reproducible.
This has been used as an IR detector in the 8-14 um range for many years.

The device mechanism i1s very simple. IR radiation is absorbed by an
impurity atom when an incoming photon has sufficient energy to excite an
electron (hole) residing in the ground state of a donor (acceptor)-type impurity
into either an excited state or into the conduction (valence) band free of the
impurity binding energy (see figure 1.1). There is also the process of photo-
thermal conductivity where the electrons 1in the excited states interact with
phonons and are thus excited into the conduction or valence band.

There has been a relatively recent resurgence of interest in S1 extrinsic de-
tectors due to their compatibility with existing Si technology. Fouks (1994)
demonstrated 36 and 48 element linear arrays of S1:Ga, and showed that deeply
cooled extrinsic 51 and Ge IR detectors posses detectivity close to the radi-
ation limit even under extremely low background irradiance, therefore these
photodetectors are the main ones used in space-based applications where the

background current very low. The wavelength detection range can be extended

to 240pum by introducing stress, by means of a screw and piston, to lift the

valence band degeneracy (Kazanski 1979, Haller 1979)
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1.3.3 Photoemissive Detectors

These can be divided into two types; metal-silicide Schottky barrier devices

and semiconductor hetrojunction internal photoemission (HIP) detectors.

1.3.3.1 Schottky Barriers

Rapid progress has been made with silicide Schottky barriers, the most de-
veloped of which i1s PtSi, (Akiyama 1994, Chin 1993) which employs films of
platinum approximately 10 A thick on p-type silicon. Radiation is transmit-
ted through the Si and absorbed in the metal producing hot holes which are
then emitted over the potential barrier into the Si which becomes negatively
charged. In area arrays this charge 1s transferred into a charge coupled device,
CCD, by the direct charge injection method. The effective quantum efficiency
of such a device is approximately 1% in the 3-5 um range. The dark current
in this device 1s caused by the thermionic emission of holes over the poten-
tial barrier, thus the cooling requirements are similar to extrinsic device, 1.e.
performance is greatly enhanced by lowering the temperature.

The large advantage of this system is its compatibility with existing stan-
dard integrated circuit Si processing. Schottky photoemaission 1s independent
of semiconductor doping, minority carrier litetime and alloy concentration
leading to spatial uniformity characteristics an order of magnitude greater
than that obtained for any other types of detector, and thus the spatial noise,
which 1s a product of pixel-pixel variation in large arrays, 1s greatly reduced.
The signal conditioning electronics required for staring arrays are therefore
simplified. Other advantages of this system are that it is cheap to make and
the small size of the detector (approximately 17um?*) which is the smallest
among the 2-D focal plane array detectors. Responsivity of image sensors is

proportional to the fill factor, 1.e. the ratio of the detector area to the pixel
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size. Improvement of this ratio is one of the most important developments

in Schottky barrier image sensors. The state of the art of PtS11s 1040x1040
element arrays in the 3-5um IR region (Kimata 1991, Akiyama 1994). Ap-
plications are limited to 1-3um and 3-5um ranges due to hxed PtSi cutoft at
5.7 pm.

Other materials can be used to create this type ot device, the most pop-
ular of which is IrSi which extends cutoff wavelength to 10um (Tsaur 1988).
However, the uniformity of IrSi arrays 1s substantially inferior to PtSi due to

poor process repeatability (Tsaur 1989).

1.3.3.2 Hetrojunction Internal Photoemission Detectors

These devices were first constructed of a single layer of degenerately doped p™-

SiGe layer as an emitter and a p-type Si substrate as a collector. The detector
mechanism is that incident IR radiation is absorbed in the p™ SiGe emitter
layer mainly through free carrier absorption. The photoemitted holes are then
sent over the SiGe/Si hetrojunction barrier by internal photoemission. The
range of wavelength for the device i1s determined by the height of the barrier
and the Fermi energy and thus can be altered by changing the alloy composi-
tion and the doping levels. A device of this type has been demonstrated by Lin
(1990 and 1991). These detectors are particularly suited for creating arrays
operating in the 8-11 um range. They are compatible with S1 and have good
pixel-pixel uniformity:.

These detectors extend the wavelength range possible with Schottky bar-
rier devices and have the potential for high quantum efficiency. In Schottky
detectors photons can excite carriers from far below the Fermi level such that
they do not have suflicient energy to overcome the barrier. If operating near

the threshold, only a small percentage of the photoexcited carriers can ex-
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Figure 1.2: A schematic diagram of a multi-layer HIP detector. The potential

profile 1s given in the lower half showing the absorption mechanism

ceed the barrier energy therefore the quantum efliciency rises only slowly with
energy above the potential barrier. In HIP detectors, the band of occupied
hole states is narrow in the p*Si;_,Ge, layer due to its semiconductor band
structure, thus the device has a much sharper turn on and avoids the need to
design a device with a significantly lower barrier than the required generating
energy. Thus a correspondingly lower operating temperature is required to
reduce dark current to acceptable values. Also photoexcited holes traveling
over the potential barrier are less likely to be back scattered because of the
more favourable ratio of the effective masses.

The device characteristics of the Si;_,Ge,/Si HIP can be tailored through
the selection of layer thickness, doping concentration, (boron was used as the
dopant), and composition to optimize the response for a given application.
These detectors boast high D* compared with QWIPs in the long wavelength
region. Lin (1990) reported a detectivity of D* = 5 x 10? cm Hzz W-!
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To achieve a good detector response, strong IR absorption and efficient
internal photoemaission are required. The quantum efhiciency for such devices
(Lin 1992) has been calculated/measured as ranging from 5% to 0.1% for
wavelengths from 2-12 um. The internal quantum efliciency, n,, 1s the ratio
of collected holes to photoexcited holes. n;, 1s limited by inelastic hole-hole
and hole-phonon scattering as well as the number of holes redirected from the
S1Ge/air interface to the SiGe/Si. n; can be enhanced by reducing the alloy
layer width so there is less inelastic scattering. However, this reduces that
absorption therefore these parameters must trade off.

The performance of the detector can be improved by including several alloy
layers stacked between Si barriers, see figure 1.2 (Lin 1994). Each layer has a
high n;, and contributes to the overall absorption. If an electric field i1s applied
in the z-direction, the photoexcited holes are redirected to the Si substrate,
thus increasing n;, . These detectors show enhanced long wavelength photore-
sponse and near ideal thermionic emission limited dark current characteristics.
A quantum efficiency of 6% at 5um, 40% at 10um and 1.5% at 15um show
significant improvement on single layer devices. Lin (1994) reports a Sig7Geg 3
HIP with a quantum efliciency of approximately 8% at 5um and an operating

temperature of 30K, with a cutoff wavelength ot 23um.

1.4 Quantum Well Infrared Detectors

A multiple quantum well system 1s fabricated by growing a sequence of semi-
conductor layers where a material with a smaller band gap (e.g. GaAs) is sand-

wiched between layers of a material with a larger band gap (e.g. GaAlAs). The

carriers are thus confined to a potential well for motion parallel to the growth

direction whereas they are quasi-iree in the motion perpendicular to the growth
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direction. The height of the potential well 1s determined by the conduction
or valence band offsets. The confining potential leads to the formation of a
series of discrete electronic subbands or minibands. There are many different
types of quantum well infra-red photodetectors (QWIPs) which can be con-
veniently divided into those comprised of III-V compounds e.g. GaAs/AlAs,
type II structures formed of InAs/GaSb compounds, II-IV compounds e.g.
HgTe/CdTe which form type III systems, and group IV systems e.g. SiGe/Si.
The main topic of this thesis 1s the latter systems, so we shall briefly review
the progress of the first two sections before concentrating our attention on the
S1Ge systems.

Wide gap semiconductors such as GaAs, AlAs, S1 and Ge are easier to grow
than narrow gap systems such as HgCdTe. However, alloys and superlattices
that utilize transitions across the fundamental gap are not within the range
required for IR detection. An alternative is to engineer small band gaps in
wide band gap semiconductors as was first suggested by Esaki (1977). The
progress in modern thin film growth techniques such as molecular beam epitaxy
(MBE) has enabled process control over composition, doping and thickness of
the quantum well layers. Thus the electronic band structure ot semiconduc-
tor systems can be tallored in an almost continuous way to custom design a
system for specific applications. An additional parameter can be introduced
by growing lattice mismatched hetrostructures and this altering the position
of the electronic states by strain. Therefore, by tailoring the quantum well
structure 1t should be possible to adjust the energy levels so that low-energy
infrared photons can induce an intersubband transition between the ground
state and the first excited state of the quantum well.

To operate these devices as detectors, electric fields must be applied and

the device acts as a photo-conductor. It is possible to design systems that



operate in photo-voltaic mode (Schneider 1995 ), as discussed in section 1.4.8,
but all detectivities quoted here are for devices operated in photo-conductive
modes.

[t was first suggested in 1979 (Schulman 1979), that superlattices could
improve on HgCdTe for IR detection. The advantages of QWIPs are they
have a higher degree of uniformity, important in detector arrays, small leak-
age currents because the superlattices have large effective masses therefore
tunneling 1s suppressed, possible lower Auger recombination rates due to the

LH-HH splitting, increased eftective mass and utilize well understood device

fabrication and materials processing techniques.
The disadvantages are the relatively low quantum efliciency, narrow band
spectral characteristics and short carrier lifetimes which means lower operating

temperatures are required compared to intrinsic systems.
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