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Abstract

Although much work has been done on A ~ 5-12 um quantum well infrared

photodetectors (QWIPs), the distinctive feature of this project is the use of strain-
compensated materials on InP substrates, AlAs (tensile) and InGaAs (compressive), to

achieve shorter wavelengths and higher temperature operation. Stepped wells, high
thin barriers, and strained layers have been used to achieve A ~ 2-5 um and also

enhanced normal incidence absorption. These structures also give an additional
degree of freedom to control the position of the excited states in the QWIPs
conduction band. The strain-balancing allows the use of Indium (In) concentrations up
to 84% and hence deep wells with a large band offset relative to the outer barrier
(which predominantly controls the dark current). The conduction band offset (AE()
for these structures (with respect to the wide InAlAs barrier) 1s estimated to be ~ 675

meV. In the course of this work, we have also been able to estimate the subband non-

parabolicity (m* and o) from absorption spectra in highly doped quantum wells

(QWs).

In this thesis, the main results which I present are on a comparative study of
the intersubband absorption 1n a series of double barrier QW (DBQW) structures
grown on GaAs substrates (Chapter 5) and InP substrates (Chapter 6). The
background and theory of QWs is given in Chapter 1. In Chapter 2, the experimental
procedure is detailed, while the theoretical model to calculate the conduction band
profile and energy levels and the comparison of this model with literature values are

presented in Chapter 3. Early results are discussed in Chapter 4. Finally, a summary

and future work are outlined in Chapter 7.
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Chapter 1 Background and Theory of Quantum Wells

1.1 Introduction

Concern about environmental i1ssues has, resulted in stricter legal regulations
on pollution emission in almost all industrialised countries. Therefore, to comply with
the new laws, measurements of pollutant concentrations in the air will no longer be a

laboratory i1ssue, but an industrial one too.

One method of monitoring/detecting environmentally important trace-gas
species in ambient air to a sensitivity of several parts in 10° (ppb) [1] is laser
spectroscopy. This has been a powerful analytic tool in many technical and scientific

branches for several decades.

Until ~ 10 years ago, near infrared or visible laser sources (interband
semiconductor lasers) were used for these applications. One of the main problems
associated with these sources is that to change the emission wavelength a different
band gap material is required. In addition, in the infrared region these devices must be
based on narrow-gap materials which are known to be unrehable 1.e., difficult to
grow, process and fabricate as compared to wide band gap materials. Hence, the

usefulness of this approach is only limited by the availability of convenient tunable
sources. The 3 to 5 um mid-infrared spectral range 1s of particular important where

many molecules including atmospheric pollutants e.g. CO,, CO, N;O, and CH4

exhibit well resolved fundamental vibrational absorption bands.



The situation changed with the advent of the quantum cascade laser (QCL)

also known as the intersubband laser in 1994 [2]. In these devices, photon emission is
obtained by making optical transitions between confined energy levels, therefore, the
emission wavelength is not controlled by the material bandgap but the layer

thicknesses. Hence, using the same heterostructure material system, e.g
InGaAs/InAlAs, a wide spectral range from 3.5 to 19 um can be covered [3]. Point-to-

point atmospheric communications, chemical and gas sensing have been successfully
demonstrated using QCLs [4-6]. QCLs have been demonstrated to operate above
T>400 K in pulsed mode [7] and continuous wave at 300 K [8] in the mid-infrared

range. The most recent reviews on the development and properties of QCLs are given

in ref. 3 and ref. 9.

In contrast to emitter technology, there has been little work done to improve
the performance (e.g. operating temperature) for detectors based on intersubband
transitions. The highest operating temperature reported to date 1s around 205 K [10].
The use of liquid nitrogen cooled equipment on either the emitter or the detector side
makes optical techniques somewhat less appealing for many applications 1n the field.

Hence the goal of this project 1s to investigate routes to room temperature detection.

Here we propose a detector design based on quantum well (QW) intersubband
transitions in the 3-5 um spectral range capable of operating above 205 K. We hope to

develop a robust, compact, and consumable-free system for the sensitive and selective
detection/monitoring of atmospheric pollutants. The next section gives an overview of
detector performance parameters while an overview of QWs and the various types of

intersubband transition are presented in Sec. 1.3. Section 1.4 discusses the differences



between N and P type QWSs. The use of asymmetric wells and parameters affecting
the absorption spectra of intersubband transitions in QWs are presented in Sec. 1.5
and Sec. 1.6, respectively. Finally, QWs based on strained layer materials are

discussed 1n Sec. 1.7.

1.2 Detector performance parameters

In this section, we briefly discussed the parameters that are commonly used to assess

the performance of detectors in general and how these specifically apply to QWIPs.

The responstvity R is defined as the ratio of the output of the detector to its input. The

peak responsivity R, of a QWIP is defined as [11, 12]:

R :iryg A/W (1.2.1)

P hy

where Av 1s the photon energy, g ~ 1/Np. 1s the photoconductive gain (defined as the
number of electrons that flow through the external circuit for each mobile carrier that

1s generated in the sample). Here, N 1s the number of wells and p. 1s the capture
probability. The photoconductive gain 1s also given by g = Tiife/Tiransit Where Tyge 1S the
photoexcited carrier lifetime and Tuwansit 1S the transit time. The photoconductive gain
can be significantly greater than unity [11] which shows that 1 1s not limited by

Twransit 1.€., the photoexcited carriers make more than one pass through the
multiquantum well structure circulating by reinjection at the ohmic contact and can be

improved with proper QW design optimisation.




77=-1-(1—e”2“1) (1.2.2)

1s the unpolarised absorption quantum efficiency (assuming 45° waveguide geometry)
where « i1s the absorption coefficient and / is the length of the active region. The

factor 2 in the exponential term accounts for the increased absorption due to the
reflection off the top metallic contact and the factor of two in the denominator is a
result of the quantum mechanical selection rules for n-type QWIPs (see section 1.4),

which allow the absorption of radiation polarised along the growth direction (see Fig.

1.2.1).

n*GaAs CONTACT LAYER

GaAs/AI1GaAs
MULTI -QUANTUM WELL
Au/Ge

Y . Yesssse— m/’
E & & Tl TN L& L L L LS L

N
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Incident radiation

Figure 1.2.1: Cross sectional view of a GaAs/AlGaAs QWIP with a 45° polished edge
to facilitate absorption and responsivity measurements [13].

From equation (1.2.1), we can see that the responsivity of the device is proportional to
the product of 77 and g. Therefore, the responsivity of the detector increases with 7

and g.

The principle source of dark current for QWIPs operating at a higher

temperature 1s thermonic emission (see section 1.3.2.1). The presence of high dark
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current limits the ability of the device to detect small signals. Conventionally, the
minimum detectable signal is taken to be that which would generate a root mean
square (rms) output equal to that generated by the noise (i.e., the signal-to-noise ratio
1S then equal to 1). An indication of the size of the minimum detectable signal is given
by the noise equivalent power (NEP). This is defined as the power of sinusoidally
modulated monochromatic radiation which would result in the same rms output signal
in an 1deal noise noise-free detector as the noise signal encountered in the real
detector. Assuming that the noise power generated in a detector i1s proportional to its
area A, then the noise current (or voltage) will vary as A'*. Thus we define a unit
NEP" which takes into account the effects of variable bandwidth Af taken to be 1 Hz
and A4 are:

NEP’ = WL (1.2.3)

JAAS

The reciprocal of this quantity 1s termed the Detectivity D’, which is a measure of the

ability to distinguish a light signal from the detector noise:

L (124
NEP
The peak D" of a QWIP is normally defined as [11, 12]:
D, = _R_P_f_iﬂ_ (1.2.5)

Jael ,gAf

where R, is the peak responsivity, and /; is the dark current.
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From equation (1.2.5), we can see that D; depends on R, and /; Therefore, to

maximise D" we have to increase R, and reduce /;. To reduce the dark current, one
can lower the doping concentration N, since dark current depends on Er exponentially
[14]. However, this will result in a lower o, and thus a lower 77 and R. Gunapala et al/

[12] have shown that by reducing N, the /; can be reduced by over two orders of the
magnitude without significantly affecting the D". In addition, by reducing the bias
voltage, the dark current can be further reduced by another order of magnitude again
keeping D" essentially constant. The implies that we can apply a lower bias voltage

and use a higher doping level to give a larger @, and thus a higher 7 and R without

affecting the D". This apparent doping and bias insensitivity is advantageous to large
2D arrays where bias and doping nonuniformity can have an adverse eftect on the

performance.

1.3 Overview of Quantum Wells

il —————

Conduction band

EgZ I Eﬂ !

Z I ' Valence band

X

Figure 1.3.1: (a) Quantum well structure where a thin layer of narrow band gap
semiconductor (Eg;) is sandwiched between two layers of another
semiconductors of greater band gap (E) and (b) a diagrammatic
representation of the resulting energy band structure, showing the
discontinuities in both conduction and valence bands.
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In any 3-D, bulk semiconductor, electrons within the conduction (E.) or
valence (E,) bands take on a nearly continuously varying range energies. However, by
sandwiching one thin layer, low band gap semiconductor between two layers of
another semiconductors of greater band gap a QW is created (see Fig. 1.3.1). The idea
1S to trap electrons in the lower band gap semiconductor (e.g., Gallium Arsenide
(GaAs) which has a band gap energy of 1.42 electron volts (eV)) so that electrons
would not be able to transverse the interface or barrier created by the higher band gap
semiconductor (e.g., Aluminum Arsenide (AlAs) which has a band gap energy of 2.81
eV). If the GaAs -the actual quantum well-is thin enough, the energy levels of the
electrons confined within the well become quantised, that 1s restricted to discrete

well-defined energy levels as shown in Fig. 1.3.2.

E,
Energy
E;

Figure 1.3.2: Conduction band edge profile showing the subband energy levels E,;
and Eg.

Since there is a discontinuity in the conduction and valence band edges in a QW, the

carriers are restricted in the z (growth) direction but are essentially unrestricted in the

xy plane. The total energy E is related to momentum in the xy plane (K or K,) by the

following equation (assuming parabolic bands):
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p?(K2+K?)

E=E +
] -~ (1.3.1)
where m 1s the mass of electron, #=h/(2n) is the Planck’s constant, E,, is the
eigenenergy:
n’h’
L, = n=1273.. 1.3.
8ml’ (1.3.2)

where L 1s the QW width and # is the quantum number. We obtain a set of subbands

as shown in Fig. 1.3.3.

Energy

Figure 1.3.3: The quadratic dispersion relation of the E; and E; subbands with respect
to K,y

The density of states in the K, plane is given by the 2-D expression D(E)=m/nh" and
is independent of £ and n. Theretfore, for n=1 (the lowest subband) £, =h2;”(8mL2), if
we arbitrarilly put D(E;)=1, then for the next subband (n=2) we have E,=4F; and

D(E-)=2, and so on, we obtain the 2-D density of states as a function of £ as shown in

Fig. 1.3.4.
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Energy

N%

0 1 2 D(E)

Figure 1.3.4: 2-D density of states as a function of energy. The 3-D density of states
1s also shown for comparison.

As can be seen from Fig. 1.3.4, the density of states for a given subband is a step
function that starts at the appropriate confinement energy. Thus the optical absorption
in a QW is a series of steps with one step for each quantum number. Also, it can be
seen that if we increase the QW width, a smooth transition to the bulk behaviour can
be obtained as the steps become increasing closer together until they merge into the
continuous absorption edge of the bulk material. By controlling the physical size and
composition of the different semiconductors in a device, researchers can now tune the

electronic properties they want.
1.3.1 Quantum Well with infinite barriers

Since the electrons are being confined in the well, the energy levels can be
found from solution of the ‘particle in a box’ problem as shown 1n the figure below.
This simple analytical solution provides a good approximation of the energy levels in
an infinite QW (i.e., with infinite high barriers). Hence we will use 1t to illustrate
some basic features of QW energy levels. However, in Chapter 3, we will use a more

sophisticated three-band Kane k.p model that takes into account the eftects of strain
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and bulk nonparabolicity to obtain the band structure and energy levels in all the

samples used in this thesis.

V(x)

R ————————— P BSEMSSI WSS

0 L x

Figure 1.3.1.1: One dimensional potential well of infinite depth.

Consider the particle confined to a one dimensional box of width L. The
potential energy (V) inside the box is zero and rises to infinity oo at the boundaries,

thus confining the particle. If V=0 inside the box, no force acts on it and it will be

reflected from the wells.

The time independent SchrOdinger equation for the region inside the box is:

O°Y 2m

7 +-;2—-(E—V)‘P:O (1.3.1.1)

where Y=wave function

E =total energy of the system

V’=potential energy

and since V=0 then equation (1.3.1.1) becomes:
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oO°'Y 2m
6X2 + _;-1-2—

(E)¥ =0 (1.3.1.2)

A general solution to this equation can be verified by substitution and it has the form:

2mk
e X + Bcos 2mE

Y = A4sin X (1.3.1.3)

where 4 and B are constants.

The particle cannot appear outside the box since it would have to possess an infinite

amount of energy to do so. Therefore, we have the following conditions:

a) ¥Y=0 for X<=0

b)  W=0 for X>=L

To satisfy condition (a), we see that B=0 and for condition (b)

. \/ 2mkE.
sin
h

L=nr n=1273... (1.3.1.4)

The above equation shows that for this particle, the energy can take discrete values-

eigenvalues £, which is given in equation (1.3.2). The wave function tor particle with

energy L

_ 1/2mEM
Y, = 4sin X (1.3.1.5)
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substituting for F, gives the eigenfunction

¥ =Asin%-X (1.3.1.6)

We can see that W, 1s a single valued function of X and 1s continuous hence 0¥,/0X is
also continuous. The integral of |W,|* over all space is finite as can be seen by

integrating |¥,|° 6X from X=0 to L (since the particle cannot be outside the box).

o 2 I 2
(¥, ox = ||w,] ax
: | r naxX
-—-Azjsmz( X
4 L
=A2§ (1.3.1.7)

However, to normalise ¥ we must assign a value to A such that ¥, when integrated

from -oo to 400 is equal to unity (i.e., the probability of finding a particle at all=1).

Therefore

||, ox =1
422 =1
2
A= el (1.3.1.8)
L

Y, :\/zsinﬂx (1.3.1.9)
L L
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Plotting these results gives

Energy in units

of h?/8mlL?

V) | Uy | + 5
. | | i
| | ||

v ¥, | 4
|

Figure 1.3.1.2: Ground state and the first two excited states of an electron in a
potential well: (a) the electron wave functions and (b) the
corresponding probability density functions. The energies of these

three states are shown on the right.

One point to note is that [¥,|* at any point (X) in the box is equal to the probability of
finding the particle there. As you can see in this example the energy value and

wavefunction in the well is dependent on the well width, mass of the electron and the

barrier height.

Since electrons are now confined in the thin layers (the well), the whole structure thus
can be regarded as a completely new material having properties ot neither the well nor

the barrier [15-24]. Figure 1.3.1.3 shows the band lineup of a QW of GaAs 1n

Alp 4Gao¢As where E; is the transition in the well.
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Figure 1.3.1.3: Band structure of a QW of GaAs in Alg 4GagcAs.

1.3.2 Intersubband transitions in Quantum Wells

Detectors based on intersubband absorption (transition within the same band)
not only offer the advantages of long wavelength detection using large band gap
materials, but also large oscillator strength, fast response time, and large optical
nonlinearities as compared to conventional interband transitions [25-28]. Hence,
intersubband optical transitions between quantised electronic levels in the
semiconductor QWs are of crucial importance for the implementation of devices such

as infrared photodetectors and mid-infrared semiconductor lasers.

A typical conduction band edge and the operation principle of a typical QWIP

1s shown in Fig. 1.3.2.1.
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Photocurrent

Figure 1.3.2.1: Schematic diagram of a typical conduction band edge of a QW by the

application of an applied electric field. The photon ho causes

transitions from the ground state E; to the excited state E,, causing a
photocurrent.

The QWs are designed to have two states; ground state E; and first excited state E;. E;
1s located close to the top of the band edge of the barrier so that the photoexcited
carriers can easily escape from the QW and give nise to the photocurrent under the
effect of the applied field. The energy separation (the intersubband transition energy,
Esp) that corresponds to the wavelength of the light to be detected can be expressed

as:

E. =E -E (1.3.2.1)

Substituting n=1 1nto equation (1.3.2), we have

3( h*
=2 1.3.2.2)
ISBT S[mLzJ (

It can be seen from the above formula that the Ejspr is inversely proportional to the
square of the QW width and effective mass of the carrier in the QW. Hence, the
wavelength of the peak response can be engineered by simply varying the QW width

in a given material system. Unlike detectors that utilise interband transitions, the QW
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of QWIPs must be doped. The Fermi energy level Er 1s calculated, assuming an

infinite barrier, using the equation below [29]:

- Rh'L N7

m

E, (1.3.2.3)

where Np 1s the three-dimensional electron doping density in the well, L,, is the well

width and m" is the effective mass of electron.

1.3.2.1 Dark Current

In order to use intersubband absorption process to produce an electrical signal

and hence optical detection, one has to satisfy the following conditions:

a) The ground state electrons should not produce a high dark current (this 1s the
current that flows through a biased detector in the dark 1.e., without any
photons striking it). The dark current in a QWIP 1s typically four to five orders
of magnitude higher than in a direct-gap semiconductor with the same band
gap and operating at the same temperature [29]. In QWIPs, the dark current

originates from three different mechanisms [27, 30, 31] (see Fig. 1.3.2.1.1).

They are:

1) Sequential Tunneling - This is due to quantum mechanical tunneling

of ground state electrons from well to well
through the barriers. This process 1s independent

of temperature and dominates the dark current at

very low temperature (T <40 K).
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2) Thermally Assisted Tunneling - The ground state electrons are thermally
excited and tunnel through the triangular
part of the barrier, formed by the applied
field, into the continuum. This process

occurs between 40 K< T< 70 K.

3) Thermionic Emission - The ground state electrons are thermally excited
directly out of the well into the continuum. This

process occurs at T > 70 K.

how (3) .
— Continuum
see | D3 A
o —> \
t Photocurrent
X

Figure 1.3.2.1.1: Schematic diagram of a typical conduction band edge of a
QW under the affect of an applied electric field. The three

dark current mechanisms are: 1) sequential tunnelling, 2)
thermally assisted tunnelling and 3) thermionic emission.

The major source of dark current for QWIPs operating at a higher temperature

is thermonic emission and minimising this is crucial to the commercial success
of QWIPs. Hence, a higher barrier height and thicker barrier width should be

used in order to improve the detector noise pertormance (32, 33].

It should be possible to extract the excited state electrons from the quantum

well so that 1t can contribute to photocurrent. The excited state electrons
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should, therefore, be ideally near the top of the quantum well barrier so that

the excited electrons can be extracted with ease by an applied electric field

[34, 35].

1.3.2.2 Bound-to-Bound Transitions

ho \/

(a)

Figure 1.3.2.2.1: Conduction band profile of a bound-to-bound transition (a) A
schematic of electron wavefunction in the ground state and the

excited state. A photon having energy hw excites an electron in the
bound ground state to the bound excited state from where the
photoexcited electron tunnel out of the well and thus contributes to

the photocurrent as shown in (b).

Figure 1.3.2.2.1 shows a QW containing two bound states. The incident
infrared radiation results in an infrared absorption due to the intersubband transition
from a bound ground state to the bound excited state where the photoexcited carriers
tunnel out of the well as shown above. These photoexcited carriers which escape from
the well are then being transported by an electric field 1n the continuum above the top
of the barrier thereby producing a photocurrent. As the excited state 1s bound,
therefore, a higher bias is required to assist the photoexcited carriers to tunnel through
the tip of the barrier in order to escape into the continuum. It is well known that if the
voltage i1s too large, unwanted leakage from the ground state may occur leading to

higher dark current [11]. This will degrade the pertormance of the device.
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Figure 1.3.2.2.2: Voltage dependence of the dark current and the responsitivity for a
bound-to-bound QW. The dashed line is theory [11].

1.3.2.3 Bound-to-Continuum Transitions

A¢,Gay.AS
BARRIER

Figure 1.3.2.3.1: Conduction band structure for a bound-to-continuum QW showing
the photoexcitation and hot electron transport processes.

Figure 1.3.2.3.1 shows a conduction band profile of a bound-to-continuum
QW which 1s achieved by making the width of the well small enough that the excited

state 1s pushed up into the continuum. This bound-to-continuum design provides

improved absorption strength as compared to bound-to-bound QW [36] and
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eliminates the need for the photoexcited carriers to tunnel through the barrier so as to

escape from the well (meaning a lower bias voltage 1s required for the photoexcited

carriers to efficiently escape from the well thus strongly lowering the dark current).

This leads to improve detector performance [37].

However, the spectral bandwidth of the bound-to-continuum QW 1s much broader

than the bound-to-bound QW and this 1s expected as the excited state 1s now more

delocalised [36-39].

1.3.2.4 Bound-to-Quasicontinuum Transitions

A2As ACAS

GaAs

Figure 1.3.2.4.1: Schematic conduction band diagram of a bound-to-quasicontinuum
QW.

Figure 1.3.2.4.1 shows a bound-to-quasicontinuum QW [10, 40-52] which 1s
the intermediate between a strongly bound excited state and a weakly bound
continuum state. As you can see from the diagram, the excited state is bound by the
high barriers (AlAs) but is in the continuum of the lower barriers (AliGa;.xAs).

Therefore, we would expect it to have an absorption spectrum of a bound-to-bound

(U i versity )

3 , *
; - o 3
: g 3 4
1 .
.1‘- -
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QW (narrow spectral bandwidth) and with the high escape probability of a bound-to-

continuum QW [11, 32].

1.0
0.8
0.6
0.4

0.2

ABSORPTION COEFFICIENT @G

WAVELENGTH DIFFERENCE AA (um)

Figure 1.3.2.4.2: Normalised absorption coefficient a for bound-to-bound, bound-to-
continuum and bound-to-quasicontinuum QW.

The use of the ultra high thin AlAs barrier results in the excited state being shifted
towards higher energies thus allowing a large intersubband energy transition between

the ground and the excited state.

As the ground state is confined both by the thin AlAs barriers and by the
subsequent the thick AlyGa;.<As layers, the dark current 1s, therefore, lowered as
compared to QWIPs having the same detection wavelengths and well doping but
lacking the AlAs thin barriers [45, 46]. Furthermore, since the excited state 1s now
confined by the ultra thin AlAs barriers, it 1s only weakly bound. Thus, the
photoexcited carriers can easily tunnel out of the well and escape and this causes an
increase in detectivity as shown in Fig. 1.3.2.4.3 [11, 32]. Another reason for using

thin AlAs barriers is that AlyGa,.xAs 1s a direct-gap semiconductor for x<=0.45 (1.e. I

band is the lowest energy bandgap), but becomes indirect when x>0.45 (1.e. X band 1s
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the lowest energy bandgap). This creates an X QW in the AlAs layer with AlGa;.<As
X<=0.45 the barrier. Therefore, the AlAs layer cannot be too thick (more than 22 A

[46]) so that the transit time for the photoexcited carrier is sufficiently fast not to

scatter from I' to X states in the X QW.

-h
N

DETECTIVITY D* (10'0 cm vHz/W)
e )]

BIAS VOLTAGE V, (V)

Figure 1.3.2.4.3: Detectivity D" (at T=77K) vs bias voltage V, for bound-to-bound,
bound-to-continuum, and bound-to-quasicontinuum QW.

1.4 N versus P type Quantum Wells

Detectors based on transitions involving electrons in the conduction band,
known as n-type QWIPs, are preferred over those based on holes in the valence band
(p-type QWIPs) due to the lighter mass and higher mobility of electrons in the
conduction band compared to holes in the valence band. However, one drawback
associated with n-type QWIPs i1s that, only photons with a component of radiating

electric field vector perpendicular to the plane of the QW 1s absorbed. Hence the
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angle of incidence with respect to the QW layers must differ from zero [25, 28, 53-

551

Figure 1.4.1: Sketch showing the angle of the infrared (IR) beam with respect to the
QW.

To induce absorption, the sample can be oriented at the Brewster angle (~73°) to

maximise the electric field vector perpendicular to the plane of the QWs. This also

reduces reflection loss. This can be shown 1n the reflection coefficient equation for

light with its electric field vector polarised parallel to the plane of incident below

n, cos@, —n coso, (1.4.1)

r, =
" n, cosO +n, cosb,

where n~=refractive index of the transmitted media

n=refractive index of the incidence media
f=angle of transmission

)=angle of incidence
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6 and 6, are related by Snell’s law of refraction

sing, _n, (14.2)
sinf, n, -

i

Alternatively, to obtain the necessary optical coupling of radiation into the
QW, n-type QWIPs are often fabricated with an optical grating to refract the normally
incident radiation so that a component of radiation electric field perpendicular to the
plane of the QW 1is absorbed [56, 57]. This, however, adds to the technical
complications of device fabrication and system implementation. P-type QWIPs, do
not suffer from this restriction due to the strong mixing of the heavy and light holes.

This selection rule 1s lifted and all polarisations of incident radiation are absorbed [58-

601

Nevertheless, the development of p-type QWIPs has been impeded by their
often inferior transport and confinement properties compared to n-type QWIPs.
Furthermore, the smaller electron effective mass and the higher mobility typical of the
conduction band are also highly desirable to the detector’s sensitivity and speed. In
addition, due to the different curvatures of dispersion relations for the heavy and light
hole states (different effective masses), the absorption spectrum based on the
intersubband transition between the heavy and light hole states 1s broad [61]. Hence
the absorption strength [62] and detectivity [32] are significantly smaller than for

intersubband transitions 1n the conduction band.
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1.5 Asymmetric Wells

For a simple rectangular QW, we can only vary the well width and the barrier
height (composition). In addition, the dipole matrix elements of transitions for odd-to-
odd or even-to-even (i.e., 1-3 or 2-4) quantum numbers disappear (meaning these kind
of transitions are not allowed) since the envelope functions of these energy states have
the same parity due to the symmetry of the well. However, the symmetry of the well
can be broken by applying a strong electric field [63] or doping the QW heavily [64].
As mentioned earlier, a high bias can produce relative large leakage current, which
will degrade the performance of the device. For the heavily doped case, the large
thermionic emission associated with the high doping densities will prevent the

operation at higher temperatures. Another approach is to use an asymmetric structure

such as a stepped QW as shown in Fig. 1.5.1.
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Figure 1.5.1: Conduction band profile of the asymmetric step QW.

The introduction of an additional barrier (step) inside the well results in

normally “not allowed” transitions becoming allowed. Furthermore, the transition
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energies and related oscillator strengths can now be tuned “independently” by
changing the well width, the step width, and the step height. This gives us an

advantage over the high electric field and doping induced asymmetry in a simple

square well [65-67].

In such a structure as shown in Fig. 1.5.1, the average position of an electron
in the quantised level E; 1s shifted in space with respect to the quantised level E;. This
charge displacement 1s due to a very large transition matrix element between E; and
E, which ensures a very strong coupling of the well with the electromagnetic field.
This 1s due to the fact the wavefunction in the smaller well E; can overlap more with
the E; wavefunction in the wider well as compared to overlap found for a symmetric

well of similar dimensions (see Fig. 1.3.1.2).

When the structure in Fig. 1.5.2 is illuminated with infrared photons of energy
ho, electrons can either be excited from E; to E, the bound-to-bound transition (b) or

from E; to the delocalised levels (a) above the AlyGa;xAs barrier (bound-to-

continuum transition).

U A

Energy
2 =

Dhistance

Figure 1.5.2: Modification of the conduction band profile of a step QW by the
application of an applied electric field (stark eftect [28]).
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If an infrared photon excites a bound-to-continuum transition as shown 1n (a)
of Fig. 1.5.2, the photoexcited carrier is then swept by the applied electric field and
thus contributes to the photocurrent. If a photon excites a bound-to-bound (b)
transition (from E; to E;), the photoexcited carrier can then tunnel from E; through
the tip of the triangular barrier in presence of the applied electric field where it can

then contribute to the photocurrent.

Due to the asymmetry of the structure, the subband level energy spacing of E,
and E, can either be moved closed to or further apart depending on the direction of the
applied field. Hence, we can shift to longer (red) or shorter (blue) wavelengths simply

by changing the bias direction as shown below [68-72].

hy"

negative electric field positive electric field

Distance

Figure 1.5.3; Effect of stark shift [28] on the conduction band profile. The

modifications of the energy level positions and of the optical
transitions depend on the polarity of the applied electric field.

Besides showing large Stark shifts due to the optical transitions from the states
‘0 the small well to the states in the big well, the oscillator strength which indicates
whether a transition is allowed or forbidden is also comparable to that of the

symmetric well case. This is due to the fact that the localised wave function in the
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small well can overlap appreciably with those in the big well. Hence, large Stark

shifts as well as large oscillator strengths can be achieved in asymmetric wells [65,

66, 69].

1.6 Absorption Spectra of Intersubband Transitions

The absorption spectrum can be modelled approximately using a Lorentzian line

shape which can be fitted according to the following form:

A

(w, —wp)2 +_1:_2—

(1.6.1)

where 21 1s the full width at halt maximum (FWHM) of the absorption peak, w, 1s the

photon energy (eV), w, is the intersubband transition peak energy (eV). 4 and I are

used as fitting parameters. By integrating the area under the absorption curve, we
obtain the integrated absorption intensity I,5;. The 1,5 at Brewster angle (~73%) is
given by [25] (Note: for 45° waveguide geometry a factor F is included in the
numerator which takes into account the internal reflections at each boundary and

changes in path the length of a single ray [73]):

I, =NW( e’h )—-——f——— (1.6.2)
abs — ‘s 480mwc nf\/nf—_FI 0.

where fis the oscillator strength defined by [25]:

f =2z (1.63)
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and the dipole matrix element <z>

8
(2) = Lw(?){ﬁ] (1.6.4)

where N; is the two-dimensional electron density per well, W is the number of wells.

m,, 1S the well effective mass, », is the refractive index, @ is the transition frequency,

Ly 1s the well width and m and n are integers denoting the initial and final states.
From equations (1.6.2) and (1.3.2.3), one can see that there is a trade off between
strong absorption intensity and low dark current as the dark current depends

exponentially on Er [14].

1.7 Use of Strained Layer Materials in Quantum Wells

QWIPs based on the lattice matched GaAs/AlyGa;.,As material system have

been widely investigated and high performance, large uniform focal plane arrays

(FPAs) for detection in the 6 to 18 um range have already been demonstrated by

many research groups [74-80]. For detection below 6 um [81] a different material

system 1S needed due to the problems associated with using using high Al content [81,
82]. The direct gap matenals, GaAs/Aly45GagssAs grown on (GaAs [83] and
Ing s3Gag 47AS/Ing soAlg 4gAs lattice-matched to InP [84], have conduction band offsets
(AEc) of ~ 350 meV and ~ 500 meV, respectively. The use of a lattice-mismatched
(strained-layer) material system 1s thus necessary since loosening of the lattice
matching constraint allows increased flexibility in choosing constituent matenals.

Among many lattice-mismatched systems, the InyGa; «As/Al,Ga;.;As material system
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has attracted much attention [82]. However, high crystalline quality lattice-
mismatched systems can only be fabricated provided that the layer thicknesses do not
exceed strain-dependent critical values [85-88] as strained-layer growth of thin
epitaxial films upon substrates with different lattice parameters is known to be
sensitive to atomic misfit and film thickness. This limits the indium content and the
number of QWs that can be grown without significant material degradation. This
mismatch increases with (x) and the strain increases with the number of periods until
the material relaxes. Then misfit dislocations are formed in order to relieve the strain
energy built into the crystal as a result of the mistit between the epilayer taken as a
whole and its substrate. Therefore, knowledge of the critical layer thickness (h.)
(defined as the thickness at which the strain energy density in the film 1s sufficient to
create a fully dense network of dislocations) is a fundamental requirement for
growing high quality lattice-mismatched heterostructures. Fig. 1.7.1 shows the

concept of h. and dislocation formation [89].
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Figure 1.7.1. High quality lattice-mismatched heterostuctures can be growth from
constituent semiconductors differing significantly in their bulk lattice
constants provided that the layer thicknesses do not exceed the strain-
dependent critical values (a) commensurate growth (b) incommensurate

growth when the critical thickness i1s exceeded [89] and (c) lattice

parameter (a) vs energy gap (300 K values) for various III-V compounds

and their alloys [90].

There are two theoretical models used to predict hy which have gained experimental

support in recent years;, the Matthew and Blakeslee mechanical equilibrium model

[86], and the People and Bean energy balance model [88]. The Matthew and

Blakeslee mechanical equilibrium model gives the h. as

b

[+l () [‘“(

h, =

h

C

b

!

whereas the People and Bean energy balance model gives the h. as

(1.7.1)
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__bivle | (he
& [1+v(x)]327yf(x)2 ln( b ) 72

where v is the Poisson’s ratio and fis the lattice mismatch are functions of the In mole

fraction x. The lattice mismatch is defined as (a,, ,. ~ag,. ) a,. and b is the

magnitude of the Burgers vector, taken as a,.,./ V2. Fig. 1.7.2 shows the h.

obtained using equations (1.7.1) and (1.7.2).
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Figure 1.7.2: Experimental and theoretical values of critical thickness vs Indium mole
fraction and lattice mismatched for In,Ga;.xAs/GaAs single
heterostructures. The open circles represent the experimental data, the
solid line 1s the result from People and Bean energy balance model, and
the dashed line is the result from Matthew and Blakeslee mechanical

equilibrium model [91].
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The Matthew and Blakeslee mechanical equilibrium model is the preferred model for

several authors probably because it gives a conservative estimate of the h, [89, 92-96]

In a strained InGaAs layer on GaAs system, the stress is COMPressive,
therefore, holes at the highest valence band maximum are heavy [97]. Figure 1.7.3
shows the strain-induced modification (splitting) of the upper valence bands due to

tensile and compressive strain (the direction of size quantisation is in the

perpendicular direction [97]).

biaxial unstrained
tension

biaxial
compression

kll

K, Ky~ Ky Ky

Ky

Figure 1.7.3: Band structure of a typical zincblende semiconductor near the Brillouin
zone center for the case of no strain, biaxial tensile and compression

strain. Note symbols ky and k; refer to wavevectors parallel and
perpendicular to the plane of the epitaxial layer and V; and V; refer to
the bulk heavy and light holes, respectively [89].

Another effect of strain 1s the strain-induced band-gap energy shift. For InGaAs layer
on GaAs system, the strain increases the bandgap [82, 89, 97]. These effects must be

taken into account for the calculation of the band structure and subband energy levels.
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1.8 Summary

As mentioned previously in Sec. 1.2, to maximise the detector detectivity, we have to

Increase the responsivity and reduce the dark current. The responsivity of the device is

proportional to the product of 7 and g (i.e., the escape probability of the carriers once

they have been promoted to the excited level). Depending on the position of the

bound levels in the well, there are mainly three types of transitions. In a Bound-to-

Bound QWIP, the 7 is high due to the large oscillator strength caused by the well
confined upper state, but the g is low as the photoexcited electrons have to tunnel

through the tip of the barrier formed by the applied field in order to escape out of the

well. In a Bound-to-Continuum QWIP, the g is large because the excited state is
above the barrier, but the 7 is not as high as the Bound-to-Bound QWIP. In the
Bound-to-Quasibound QWIP, the excited state is partially confined in the well, hence,

the 7 and the g of this configuration i1s in between that of the Bound-to-Bound and

Bound-to-Continuum QWIP 1.e., the high 7 of a Bound-to-Bound QW (with a narrow

spectral bandwidth) and high ¢ of a Bound-to-Continuum QW can be achieved. A
further advantage of using a DBQW 1is increased flexibility in the design e.g. it
provides a means of strain compensation (see Sec. 3.4). Since the detectivity 1s
insensitive to bias and doping and the main source of dark current for QWIPs
operating at high temperature is thermionic emission of ground state electrons directly
out of the well into the energy continuum, a high barrier height 1s thus necessary in
order to minimise the dark current. In Sec. 3.3 (GaAs) and Sec. 3.4 (InP) we show
DBQW structures using lattice mismatched material system designed to increase the
barrier height. Hence, by optimising the device structure and the doping density, we

can maximise the detectivity and responsivity.
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