The
University
Of

Sheffield.

New Developments in InAs/InGaAs
Quantum Dot-in-a-well Infrared
Photodetectors
-'---

1$.,

'.

41

Thesis submitted for the Degree of Doctor of Philosophy
by Pantelis Aivaliotis
Department of Physics and Astronomy
University of Sheffield
October 2007

Picture OI (ne Mark honl\ hrhin
Maýer (11(i\I).
Polaris. titanle\

1 ; ii

tIhr. Ir mt '_lull
huhricL Productions

\ tilrirc

h\ titanIc\

kuhrick.,

\Irlno-(loId-i

-

Abstract

This thesis presents experimental studies of InAs/InGaAs/GaAs quantum dot-in-awell infrared photodetectors (DWELL QDIPs) grown by molecular beam epitaxy
(MBE).
Detailed studies were carried out to investigate the effects of design
parameters on the performance of DWELL photodetectors, along with fundamental
studies to determine the intraband optical and electronic properties of such structures.
Using the results of these studies, an optimised structure was designed. In addition,
the observation of a strong bias dependent spectral photoresponse demonstrated the
capability of post growth spectral tunability within the long wavelength IR (LWIR)
atmospheric window.

Various approacheswere investigatedfor enhancingthe performanceof quantumdot
(QD) based devices. The main shortcoming of QDIPs versus quantum well infrared
photodetectors(QWIPs) has been addressedi. e. the low dot density, which prohibits
the high doping of these structures. The use of an antimonide surfactantto enhance
the dot density in DWELL QDIPs is presentedhere for the first time. Also a method
for decreasingthe dark current in QDIPs was investigated, via the use of wide band
gap AIGaAs barriers. Another techniqueusing GaP strain balancing layers to reduce
the strain in multilayer structuresand allow the growth of >20 layer QD deviceswas
illustrated.

The effects of intermixing via thermal annealing are also reported in for DWELL
QDIPs. As part of this study, the possibility of using such a technique to shift the
spectral photoresponse across the 8-12µm LWIR window is demonstrated, and it is
shown that the performance still remains in a competitive range within the LWIR
range.

Non-linear two photon absorption in QDIPs was demonstratedand studied. As a
result of this study, the capability of QDIPs to operate as quadratic detectorsin the
far-infrared was established, which could prove very significant, since detector
availability is reducedin that range.
Finally, a novel approach to photovoltaic QDIPs was investigated experimentally,
using a purpose built design in order to provide an internal electric field, which
preferentially drives carriers in one direction.
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1.

Introduction

1.1.

Infrared Radiation

The detection of infrared radiation (IR) has been a subject of interest for almost 200
years, since the discovery of IR in 1800 by William Herschel [1]. However it was
after the end of World War II that IR technology becamewidespreadin military as
well as civilian applications.

Today, IR emitters and detectors can be found in

several research and commercial applications such as in meteorology, defence,
medical imaging, solid statespectrometry,chemical analysis,communicationsetc.
Infrared

radiation

covers the region

wavelengths ranging from 1µm-1000µm.

in the electromagnetic

spectrum with

The wavelength regions which are of

common interest for IR detection are the 1-3µm, 3-5µm and 8-14µm regions of the
electromagnetic spectrum, since atmospheric transmission is the highest in these
bands, which

are also denoted as the near-IR (NIR),

middle wavelength-IR

(MWIR), and long-wavelength IR (LWIR) `atmospheric windows' respectively. In
particular

the 3-5µm and 8-14µm windows

imaging
for
thermal
are useful

applications, and detectors operating in these windows will be the main emphasis of
this thesis. Detectors reaching into the far-infrared (>25µm) (or terahertz region)
will also be discussed, since they are attracting increasing attention in a variety of
applications such as spectroscopy, detection of explosives, and medical imaging.
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Thermal and Photon Detectors

IR detectors commonly operate by converting infrared radiation into an electrical
signal. IR detectors can be either thermal or photonic devices. Thermal detectors
absorb the incident radiation and a change in a temperature dependentphysical
property of the material of the active region - such as electrical conductivity, is used
to generatean electrical output [2,3]. Since these detectors rely on heat exchange
they are generally wavelength non-specific and are characterised by modest
sensitivity and slow response. However, they are cost-effective as they do not
require cooling, and this makes them suitable for low cost applications where high
performanceand speedare of less importance. They are generally more suitable for
far-infrared detection, and they are often used in spectrometers. Common types
include thermopiles, pyroelectric detectorsand bolometers [3,4].

In photon detectors the radiation is absorbed within the material by interaction with
electrons which are either bound to lattice atoms or to impurity atoms or with free
electrons.

The absorption of photons and hence quantum transitions between

different energy states causes a change in the electronic energy distribution, which
results in an electrical signal [3].

In photon detectors the electrical signal is

dependent on the number of photons absorbed rather than their energy and they have
beneficial properties such as being wavelength dependent, having good signal to
imaging

noise ratios

and fast response making

applications.

However they require cryogenic cooling, which makes them bulky

them suitable

for

various

and expensive. The main objectives of IR photon detector research are to produce

2
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detectors that work at higher temperatures, whilst being suitable for integration onto

large and cost-effective focal plane arrays(FPA).

Infrared photodetectors commonly have active regions made from semiconductor
heterostructuresconsisting of parts where a narrow band gap material is surrounded
by a wide band-gap material. The absorption of photons in such materials is
typically associated with electronic transitions between valence and conduction
bands(interband transitions), or betweendiscretebound stateswithin the conduction
(or valence) band (intersublevel transitions) or bound subbands (intersubband
transitions) within the conduction (or valence)bands.

Both intersublevel and intersubband transitions are distinct from interband
transitions in that they involve one type of carrier i. e. an electron (or a hole) within
either the conduction or valence band respectively. For reasonsof clarity the term
intraband transitions (and intraband IR detectors) will be used to describe both
intersublevel and intersubbandtransitions, unlessspecified.

3
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Planck's Law - black body radiation

Before further details are provided regardingthe physics of intrabandtransitions and
the operation of the relevant detectors,a discussionof the generalprinciple of how
the emission of infrared radiation by an object is influenced by its temperature,and
how the detection of this radiation allows the temperaturesensing of this object is
presented.

The concept of temperature is equivalent to certain energy distributions [5]. For
electromagnetic radiation in an isothermal cavity (i. e. the radiation temperature
being constantat eachposition in the cavity) at thermal equilibrium at a temperature
T, the energy distribution of the radiation density (or photon states)in the cavity is
describedby Planck's radiation law [5,6].
According to this, the total power per unit surfaceareaor Irradiance lv is given by:

2,rh
ýý -c2

v3dv
e''''

(1.1)

-I

Where c: speed of light =3x108ms"1,h: Planck's constant = 6.626x10"34m2kgs"1
k:
Boltzmann constant= 1.38x10"23m2kgs'2K7'and
v is the photon frequency.
For thermal equilibrium

to exist in the walls of the cavity, the total absorbed

radiation must equal the total emitted power at the entire surface. This is usually
expressedin terms of the emissivity e, which at thermal equilibrium equals the
absorptivity of an object [5].

4
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However, even in the absence of thermal equilibrium between a body of temperature

T and the radiation field, the surface of the body will still emit radiation.
Considering this, equation (1.1), for a given emissivity e(v, 0) changes to give the

radiance H((v, Q)) of the object:

dy,

2 v3dvcos6d1.
T
C
eM -1

R

(1.2)

where dc2 = sinOdOdo,0 is the polar angle and 0 is the azimuthal angle. When E is
equal to unity, the body is referred to as a `black body' (BB) [5].
Integrating equation 1.2 over 0 and for a uniform isotropic radiation field, gives the
power density emitted per frequency,which is equivalent to the lv in (1.1) multiplied
by c. Substituting E=hv, gives equation(1.3):

dE
P =Ac

22rh E3dE
h3C2

e6/kBT

(1.3)

_1

which can be integrated over E to give the Stefan-Boltzmannequation [5,6]:
4
PTOT
AEaT
=

(1.4)

The StefanBoltzmann constanto=5.67x10-8W/m2K4
Thus the emitted radiation of an object with temperatureT has a maximum which
can be derived by Wien's displacementlaw [6]:
Apeak

2893
(PM)=
T(K)

(1.5)

5
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For a small detector of area A, additional parametersare introduced in the above
expressions,since an optical objective or aperturewill be typically used in front of
the sensor. In that case the f-number, which a ratio of the focal length of the
objective divided by the lens (or aperture) diameter, must be included in order to
derive the power incident on the detector. If an objective lens is not used,then the
field of view is determinedby the apertureof the cryogenic enclosureof the sensing
area and the viewing angle 0. The relationship between all optical factors and the
incident power on a detector are discussedfurther in the following section on the
responsivity of a detector (seesection 1.2.3).

Two generalcharacteristicsthat arise from Planck's law are [3]:

(a) The higher the temperatureof an object the more energy it will emit. This is a
non-linear dependencewhereby small changes in temperature result in large
changesin emitted power.
(b) From equation (1.5), the higher the temperature of an object the shorter the
wavelength at which the peak of the emitted radiation spectral distribution
occurs. If we consider the temperatureof the human body (-36°C) to be 309K,
from equation (1.5) the wavelength at which the maximum energy is emitted is

at -9µm.

6
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1.2.

Basics of intraband infrared detection

1.2.1.

Dark Current and BLIP condition

In n-type photoconductive quantum well (QW) and quantum dot (QD) detectors,
which are the most common class of intraband detectors, the device is a unipolar
photoconductor with n-doped contacts similar to a n-i-n diode. In photoconductors,
dark current is one of the most crucial parameters in device operation, as it
influences the noise of the detector and determines the operating temperature, and in
some cases the dynamic range of the device in terms of the maximum external
applied field. In this section, the dark current process is discussed in detail as it also
aids the understanding of carrier dynamics in QDIPs.

Severalgeneral models have beenused to describethe principles of carrier transport
under dark conditions in quantum well infrared photodetectors(QWIPs), which are
also relevant to quantum dot infrared photodetectors (QDIPs), or any intraband
photoconductor.

Furthermore recent theoretical models have been proposed to

explain some of the more complex characteristics of the dark current which have
been observed in experimentally investigated QDIPs and QWIPs, and these will
presented herein. In this section, the principal models will be described and some of
the more specific approaches and calculations regarding QDIPs and dot-in-a-well
(DWELL) QDIPs will be presented.

The dark current in a single QW device will be considered. Assuming there is only
one bound level in the QW, and the barriers are much thicker than the well

7
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(suppressing carrier tunnelling), and that the electron density is constant throughout
the well, the remaining determining processes are outlined in Fig. 1.2.1 [5].
ý3D

0

-P)

j3D
J3D

Jc-pcl3D
!e =1c
El

Fig. 1.2.1.Single OW and the processesassociatedwith the dark current.

As shown above, the dark current Jd, which will flow in a three-dimensional(3D)
manner in the barrier regions, will equal the 3D current density j3D. The dark
current will be the samethroughout the whole structure. However, at the vicinity of
the well electrons will be emitted from the well (je) and will contribute to the dark
current. Therefore, under steady state (electron density remaining constant in the
well) this has to be balanced by the equivalent capture of electrons in the well (je).
Additionally, j, will be equal to pcj3D where, p, is the capture probability of an
electron traversing a well with energy higher than the barrier height.

From the

above, the dark current can be derived either by directly calculating the total j3D or
by calculating je (or j, ).

3D Carrier Drift Model
In order to calculatej3D (=Jd) for a QW with barriers which are much thicker than
the wells, a 3D electron density N3D can be assumedon top of the barriers with

8
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diffusion and superlattice band structure effects being neglected [5]. If an electric

field F is applied to the structure (see Fig. 1.2.1), the dark current density is given

by:
Jd = eN3Dv(F)

(1.6)

field.
function
is
drift
the
the
where v(F)
of
electric
velocity as a
Considering the 2D doping density in a degeneratelydoped QW in correlation with
the above assumptions,N3Dcan be calculatedin terms of the barrier effective mass,
thermal activation energy EQct(difference between top of barrier and top of Fermi
seain the QW), and temperature[5]. Furthermoreassuminga constantmobility the
drift velocity in (1.6) can also be calculated,thus allowing the expressionabove to
be expressedin known parametersfor a specific structure (i. e. of known mobility,
barrier effective mass,etc.) and more details can be found in references[5,7].

This model is generally accurate,as long as it used to calculate the dark current at
low applied fields and for structureswith only one bound level. The reasonfor the
first condition is that the calculation of N3Dassumesthe Fermi level is determined
by the well doping at zero bias. As the field increases this assumption is less
accurate, as the Fermi levels for the 3D barrier electrons will have a stronger
influence [5]. Several models have been proposed to extend the accuracy of this
model to higher applied fields [8,9], and it has also been shown that the model
accuracy can also be improved by taking into account the barrier lowering due to
applied bias [5,10]. Using the model for QWs with more than one bound levels,
also shows a good level of agreementwith experimentalobservations[10] but is still
limited at higher electric fields.
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Emission-Capture
A more accuratemodel is describedby the authors of Ref [5,10], which describes
the scattering assistedescapefrom QWs, which is the dominant processin typical
QWIPs. Although, some assumptionsin this model are not valid in the caseof QDs
(e.g. regarding uniform

2D electron density, and Subbandsinstead of discrete

levels), this approach aids the understandingof the general emission-capturemodel
for electrons in a bound state as well as further detector parameterswhich will be
discussedlater.
The model assumes2D confined electrons in the QW that scatter out and become
3D mobile carriers in the barrier. The escapecurrent density from Fig. 1.2.1 can be
written as:
it = eN2D/ Tsc
Wl

(1.7)

where N2Dis the electron density in the upper part of the ground statesubband(with
an energy above the barrier height), and rscaais the time for the electronsto scatter
from the confined subband to the non-confined continuum of states on top of the
barrier. Also, the captureprobability will be related to the capturetime r and transit
time trans by:
`I.

PC_

zC

+TImns

(1.8)

where, z, is the time it takes for an excited electron to be captured back to the well
and ztras is associatedwith the time it takes for an excited electron to travel along
one QW region and the adjacentbarrier (one period of a multi-QW structure).
When an electric field is applied, the capture probability decreases,as the transit
processbecomesfaster (ir as« re).
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As shown previously and from
Jdd

N2D
PcVscatt

N2Dzc
=e

Tanns tsca,,

_e

Id
Fig. 1.2.1, . = f3D -Je/Pc

VN2DTc
Lprscatt

and therefore:
(1.9)

where, the drift velocity v= Lp/ rtraS.
Because of the balance between capture and scattering time in steady state as
discussedpreviously:
N2D
__
Tscnrr

N3DLr
Tc

(1.10)

The first part of (1.10) represents the thermal generation of electrons from the QW.

Substituting (1.10) in (1.9):

Jd=eN3DL"=eN3DV
zýro,
ý

(1.11)

The calculation of N2D and N3D is described in Ref [5], which by including the
scatteringescapeprocessand the WKB (Wentzel-Kramers-Brillouin) approximation
as well as considering electric field effects such as barrier lowering, leads to an
accuratemodel for dark current in QWIPs.

Other models include the approachof Ershov et al [11], where the Poissonequation
is solved along with rate equationsfor electronsin the well and continuity equations
for electrons in the barrier. This accountsfor experimentally observedcapacitance
behaviour and non-linear photoconductivity [12].

These effects are strongly

dependenton the number of periods in the active region, and hence the model is
very useful for realistic devices. Further calculations using the Poisson equation
[13], and other numerical methodssuch as Monte Carlo simulations [14], have been
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proposed for QWIPs and have been able to explain several experimentally observed

aspectsof their dark current behaviour [5].

In QDIPs, several models have been proposedwhich contain additional complexity
dark
for
for
A
QWIPs.
the
those
general relationship
compared with
proposed
current in QDIPs, which is equivalent to QWIPs can be expressed as:
(1.12)

Jd =eGeh ,
PC

where, Gthis the thermal emission(generation)rate.
Early calculations showed how QDIPs should, in principle, have a reduced dark
QDs,
in
Ryzhii
[15],
the
theoretical
used an
earliest
studies of
current.
one of
found
density
for
QDIP
dark
derive
the
to
analytical model
a
structure and
current
for 3 different sheet electron densities even for
that Jd(QD)was lower than Jd(QW)
higher temperatures. However, in this model, the QDs are assumedto have no
excited bound states, and therefore the estimate for capture probability will not
be
device
QD
in
to
that
seen
correspond
with severalexcited statesas will
a realistic
later. Furthermore the early model was for an ideal quantum box assumptionand
not a realistic distribution of QDs, where the dots are typically pyramid or lens
shaped(lateral size> vertical size).

Ryzhii et al [16], have more recently used rate equationsin a model which assumed
an increasedcomplexity in determining the sheet electron density for ensemblesof
small and large QDs, and comparedthe characteristicsof the simulated QDIPs with
calculations for QWIPs.

From this study it was proposed that high density
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ensemblesof small QD, (where the electronsare truly bound) could potentially have
improved dark current comparedto QWIPs.

Mashade et al [17], used an algorithm in an attempt to accurately model the dark
current, considering the thermal excitation of electronsfrom QD bound statesto the
continuum, and the capture of mobile electronsas above for QWIPs, as well as the
transport of mobile electrons acrossthe potential undulations formed by the QDs,
the space charge of electrons in the QDs and contact effects. Another study
including the field-assistedtunnelling effects on the dark current of QDIPs has been
presentedby Stiff-Roberts et al [18].

Also a microscopic model was more recently proposed by Vukmirovic et at [19],
where strong coupling of longitudinal-optical phonons with electrons was
considered, and longitudinal acoustical phonon interaction with electromagnetic
radiation was treated perturbatively within the framework of Fermi's golden rule, to
derive the rate equations for the dark current in InAs/GaAs QDIPs with multiple
bound excited states.In this study the dependenceof the occupanciesof the bound
levels at different applied fields and temperaturesare obtained, thus providing a
picture of the carrier distribution at different stages of the thermal activation
process.

Of more interest to the present analysis is how the dark current is related to the
performance of a detector. The dark current is one of the parametersthat affect the
noise of a detector. The other main componentsare 1/f noise, Johnson noise, and
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photon noise and are described in table I. I. Generally, noise in a photoconductor
can be expressedby:
in.gº =

4eg

(1.13)

I Af
pm,.

This is generally referred to asgeneration-recombination(g-r) noise and arisesfrom
the fluctuation in the rate of generation and recombination of carriers [5].

In

realistic photoconductorsother noise contributions due to impurity levels, traps, or
impact ionisation can also be present.

Thephotoconductive gain (gpholo)
is defined as the ratio betweenthe averagenumber
of electrons collected in the external circuit and the average number of detected
photons gphoro
= nx'ndet"Furthermore in an ideal photoconductor the photoinduced
and thermally induced carriers will have the samegain and gphoro=
gvise=g, and this
assumptionwill be adoptedfor the current discussion.

Table 1.1.Noise sourcesin detectordevices
Noise Source

I Description

Johnson Noise

Thermal agitation of electrons(independentof bias)

1/f noise

Inversely dependenton frequency (not well understood)

Photon noise

Associatedwith the current induced by incident photons

Shot noise

Lowest noise level obtainable-correspondingto statisticsof
incident photons

G-R Noise

I Fluctuations in the generationand recombination of
carriers
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The total noise current in a photoconductor (IT), will not only be due to the dark
current ID, but also due to the noise originating from backgroundphotonsIB, and due
to the noise induced by the signal itself Is. This can be expressedby:
(1.14)

1T=IS+IB+ID

Depending on the relative contribution of each noise current to the total current,
three regimes are defined: signal-noise-limited (SL), background limited (BL), and
dark-current-limited (DL) [5].

Usually the contribution of either component is

dependent on temperature. For example, the detector is said to be background
limited when the thermal generationrate exceedsthe optical generationrate. The
limit at which the two become equal is the BLIP condition at a temperatureTBLJP.
Oncethis is exceeded,the detectoris in the DL regime.

A common assumption in realistic QDIPs is that the Johnson and 1/f noise
mentioned above can be neglected[5]. Therefore only the photon and dark current
noise currents are significant. The latter can be expressedby:
'D,,

=

4egw, IIOf
s,

1.15)

is
in
N
the
whereg,,,,
=1/Np,,
the active region.
and
number
of
periods
1,,

The photon noise can be formulated via the same expressionas 1.15, by using the
in the place of gnofse.
photocurrent instead of the dark current gphoro
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1.2.2.

Photocurrent and photoconductive gain

As defined in the previous section the photoconductive gain is the number of
is
for
the
electrons collected at
each absorbedphoton, and the main
external circuit
gain mechanism associated with photocurrent in a photoconductor.

Other

mechanismssuch as avalanchegain due to impact ionisation have been proposed
[20], and could affect the photocurrent of a device, but in this section the emphasis
will be on photoconductivegain in QWIPs and QDIPs.

The principle of gain is the same in both QWIPs and QDIPs. If the structure
discussed in the previous section (see, Fig. 1.2.1), is considered, but under IR
illumination, the dark current process will be unaffected, but there will be an
additional photoinduced process. Upon illumination, electrons bound in the ground
state will be directly photo-emitted out of the QW (or QD) onto the barrier. For a
systemin equilibrium, the electronsin the bound stateand the donor atomsmaintain
in
in
After
the
the
chargeneutrality
electrons, order
photoemissionof
active region.
for this neutrality to be preserved, electrons are injected from the contact to balance
the electron loss, resulting in photoconductive gain. The electrons will either be
captured by the successive QWs (or QDs), or travel directly to the other contact. If
the latter occurs, then another electron will be injected from the opposite contact,
and this will continue until the electron is captured in the wells (or dots).

For calculation of the photoconductive gain, a simple well model is assumedas
previously for the dark current (Fig. 1.2.1). The model generally describes the
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relation between the gain and photocurrent and the relative lifetimes of the

transitions involved in an intraband photoconductor with bound states. The
emission as consequenceof the excitation of electrons in the continuum upon
illumination is given by:
(1.17)

ie=eI»7P`
N

where, D is the photon number per unit time (or photon flux), r is the total
absorptionquantum efficiency ?I=Nq1 [5]. The escapeprobability pe is given by:
Trelax

P_
C

Zreüz

(1.18)

+Teac

where z el is the intraband relaxation time and zestis the escapetime. Note that
these times will depend largely on whether the process involves bound-to-bound
transitions or bound-to-continuumtransitions.

In real QD detector structures the processesinvolved are more complicated since
additional channels (direct tunnelling, thermally
transport)

contribute

to the total photocurrent.

lateral
assisted processes, and
However,

this is a good

approximation of the probability of the escape process relating to the emission
current. The observed photocurrent (Iphoro)will be equal to the current injected from
the contact which refills the bound state (or subband) via electron capture:
Iphoto

i
pp

e(Dripe
Npý

wherep, is the capture probability from (1.8).
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Using (1.8), (1.18) and (1.19), we derive an expression for the photoconductive

gain:

1

pe
gpholo

-_

Zrelax

Ztm,

+ zc

,,,
Npc

N

rrefax +Tesc

(1.20)

Ttrans

This expression is very useful when designing a photoconductor, as it shows how
the photoconductive gain and hence the photocurrent depends on the carrier
lifetimes of the relevant transitions. The lifetimes T
depend
will
era,,,Tescand r.
strongly on the position of the excited bound statein a bound-to-boundtransition, or
in the bound-to-quasi-boundcase,which are the transitions used in many modern
QWIPs and QDIPs. Zlrans
hand
depend
the
other
will
more on the size of the
on
barrier, which usually lies in a narrow rangefor one type of device.

The determination of these time constants is a non-trivial task, as it requires
sophisticated time resolved ultrafast techniques, since the expected lowest range for
times are in the order of hundreds of fs in QWs, and few ps in QDs. Also in both
QWs and QDs the relaxation, escape and capture processes are further complicated
by the effects of electron-phonon or electron-electron interactions.

Further details

on the determination of these times will be discussed in chapter 3.1.
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Responsivity

The responsivity of a detector is defined as the ratio between Ipho,,
ý=e, gphorot,and
the power signal P with photon energy by which is incident on the detector and is
equivalent to P= hvb. Hence:
eilgp,,,,,
R_
by

(1.21)

From this expression and (1.20), it is obvious that the responsivity of a detector is
directly related to the relaxation and capture times involved in the photocurrent
process. Therefore and as shown in chapter 3.1 it is of vital importance to design
the energy band of the detector with the optimisation of these times in mind.

Interestingly, from (1.20) and (1.21), it arisesthat the photocurrent and responsivity
IN.
I
However
are independentof the number of periods N, since 7 ocN, and gpho,
oCC
this is true under the assumptionthat the absorption is the samein all layers [5], and
a realistic model would be more complex. Nonetheless,although the responsivity
cannot be improved by adding more layers, the noise characteristicscan improve
and hencethe overall performancecan follow. More details on the number of layers
will be discussedon chapter4.3.
For a realistic QDIP, the peak responsivity is generally of interest which involves
the same ratio as (1.21), but with the photocurrent integrated over the spectral
distribution

of the signal, and the value at the maximum

of the spectrum

interpolated. The peak photocurrent Ip, when the device is irradiated by a calibrated
blackbody (BB) source [21 ] is given by:
Ip = R(1%)P(A)dA,

(1.22)

where X1and X2are the integration limits of the spectral range of interest, R(2) is the
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spectral responsivity and P(2) is the blackbody power per unit wavelength incident

on the detector [21]:
P(A) = W(Z)sin'(0)AF

(1.23)

coscp

Where A is the area of the detector,ýpis the angle of incidence, 0 is the optical field
of view angle determined by the radius p of the BB opening and the distance D
betweenBB and detector, so that tan(6/2) = (p/D).

F represents coupling factors; F=Tj(1-r)C, where Tf is the transmission of windows

and filters, r is the reflectivity of the QDIP surface(-0.3 for GaAs), C is the optical
beam chopper factor (0,5 ideal chopper),and W(2) is the BB spectraldensity i.e. the
power irradiated per unit wavelength ?.per unit area from a BB at temperatureTB.
This relatesto the Irradiance in equation(1.1) and can also be written as:

W(ý)

(21rc'h)

(1.24)

_ A5(ehclAkT8
_1)

In order to calculate the peak responsivity Rpwe use R(2,
) =R(2)Rp,where h(A) is the
normalised experimentally measured spectral responsivity, along with equations
1.22 and 1.23,to obtain:

'12 -

JR(1%)W(%)d2,
Ip = RpG
and hence,

IP

Rp =

(1.25)

JR(AP(A)dA
G
A1
Where G representsall the coupling factors and is given by: G= sine(0 )AF cosSp
.

More details on the measurement of Rp will be discussed in the relevant
experimental chapter (see, chapter 2.3).
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Detectivity

The detectivity (D) of a detector is defined as the signal (-per incident power) to
noise ratio, normalised by the detector area and bandwidth of the electrical
measurements[5]. D+ can be expressedas:
D.

R AAf

(1.26)

i.

In many casesthat will be presentedin this study, the detectors were measuredin
the DL regime; in other words above TBLIP.TBLJP,
which as discussedabove (see,
section 1.2.1), is the temperatureat which the background noise becomesdominant,
and the device is said to be backgroundlimited. Therefore, the dark current-limited
detectivityD*L, calculated following the assumption that ID»IB+IS in (1.14), is
given by:
R,,
DDS=
FS-D'
SD/

(1.27)

where the spectral dark current density SDis given by:
(1.28)

So = 4egID

(1.27) and (1.28) give:

D' =
°c

Rp

(1.29)

4egJD

whereJD is the dark current density of the detector= ILIA.
The assumptionis valid at high temperatureswhere the dark current is increased. At
lower temperatures,it is more accurateto calculate the detectivity by measuringthe
signal noise of the detector. However, this is a non-trivial task and discrepancies
can occur as a result of the experimental configurations used (e.g. variable
bandwidths between measurements).
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1.3.

III-V low dimensionalsemiconductorphysics

1.3.1.

Growth

and fabrication

of low dimensional semiconductor

structures

and devices

The progress of the semiconductor industry has benefited in recent decadesfrom
very sophisticated techniques that are used to grow and fabricate semiconductor
materials and devices. In this section, the basics of semiconductor growth will be
summarised, and the growth technique which was used to produce the studied
samples,will be discussedbriefly. Bulk semiconductorsare commonly grown by
the Czochralski method, which involves melting materials in a crucible [22].
However of more interest here are the techniques that can be used to deposit
consecutive thin films on a substrate (epitaxial growth), in order to produce
multilayer semiconductor heterostructureswith different energy bandgaps,which
are useful for a vast number of applications.

Techniques such as Metal-Organic Chemical Vapour Deposition (MOCVD) and
Molecular Beam Epitaxy (MBE) have been developed and used to produce perfect
crystalline thin films via the deposition of atoms of the desired thin film material on
a substrate. The atoms organise on the surface to form a monolayer that can be as
thin as only a few nm thick, and the layer is said to have been grown epitaxially.

MOCVD is commonly used in industry as it is more cost effective. However for
high quality structuresMBE can be used,where the reactant atoms are introduced in
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an Ultra High Vacuum (UHV) chamber as molecular beams. This technique has
been established as a method for reducing contaminants entering the reacting
chamber which is a common MOCVD issue. Another advantage of MBE, arising
from the use of UHV environment is that the growth can be monitored in-situ by
electron beams or ion beams, and monitoring techniques such as Low EnergyElectron Diffraction (LEED) or X-Ray and Ultraviolet Photoemission Spectroscopy
(XPS and UPS), or Reflection High-Energy Electron Diffraction

(RHEED), are

commonly used.

When a semiconductor material of certain chemical composition is grown on a
substrate or a layer of a different chemical composition the deposition is called
hetero-epitaxy. As crystalline materials can differ in lattice constant (i. e. are lattice
mismatched), strain can be introduced at the interface between the materials.
Depending on the magnitude of the difference in lattice constant as well as the
thickness and lateral size of the layers different effects can occur. For example, if
the mismatch is not very significant then the atomic distancesof the material being
grown on another can stretch so the atoms `line up' with the atoms underlying
material and the growth is known aspseudomorphic.

Another possibility is for the material being grown to retain its lattice constant and
for the atomic layers to go out of registry with the underlying crystal, thus creating a
lattice defect or dislocation. The existenceof dislocations in the crystal is usually
undesirable, as they can propagate and cause larger dislocations leading to
detrimental effects (e.g. producing current leakagepaths). The competition between
pseudomorphic growth and dislocation formation is often determined by a critical
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thickness, after which it is more energetically favourable for the strain to relax into
dislocations [22].
Interestingly, it has been shown that the control of the growth conditions of a layer
beyond its critical thickness can lead to 3D island formation, in what is called
Stranski-Kra. sianow growth.

This leads to the coherent formation or self-assembly

of quantum dots (QDs) as shown below in Fig. 1.3.1. The growth of such structures
has enabled various technologies such as QD lasers, detectors, and more recently
has been attracting considerable attention for enabling the possibility of quantum
computing [23].

Stage 1

GaAssubstrate

`ý-

Stage 2

GaAssubstrate

01

Stage 4

InAs wetting layer

GaAs capping
layer overgrowth

GaAs substrate

Fig. 1.3.1. Schematic representation of the steps in Stranski-Krastanow gyromAh

After the growth of the QDs they are usually capped with another material, quite
commonly the same as the underlying one. Devices are typically made from such
structures by lithographic patterning techniques such as photolithography, electron
beam (e-beam) lithography or focused ion beam (FIB)
amongst others.
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Growth and Fabrication

of the DWELL

structures and detectors

All the samples which will be discussed in this thesis were grown by molecular
beam epitaxy (MBE) upon semi-insulating GaAs substrates. GaAs barrier layers
were typically grown at a temperature of 580°C at a rate of 0.7ML/s, whereas the
In. Gai_XAsquantum wells and InAs quantum dots were grown at 510°C at a rate of
0.1ML/s deposited via the Stranski-Krastanow technique. The detector structures,
following the growth direction, typically incorporate a layer of 4000A n+ Si doped
GaAs, a number of periods of DWELL

by
undoped
absorbing region, separated

GaAs barrier layers and a final 4000A n+ Si doped GaAs contact layer.

The initial designs of DWELL detector absorbing regions, which are discussedin
As quantum well. Typically
chapter3, consist of InAs dots placed within an In,,Gal_,,
the dot growth step is initiated after the deposition of -'1 OA of InGaAs, and after the
dot growth step is over, the dots are cappedby -80A of InGaAs (or more), to ensure
the dots are capped completely and are fully embedded in InGaAs. The active
regions of most devices were Si 8-doped in the GaAs barrier

layers, to

2

concentrations of typically '6x101Ocm corresponding to approximately 1 electron
per dot. Samples with no doping in the active regions as well as more heavily doped
structures where grown in order to study the effect of the QD states filling with
electrons on the QDIP's

performance.

Typical

InAs/InGaAs

QDs have base

diameters of 20-40nm and are 6-8nm in height.

Devices were fabricated into mesas using standard photolithography and wet
chemical etching. Ni-Ge-Au annular top contacts and grid back contacts were
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deposited by evaporation. The devices were subsequently annealed and packaged
onto TO-5 headers. Dry plasma-etching was also attempted but did not result in
detectors with improved dark current, and therefore was not employed. Hence, wet
etching was used for all devices discussed in this thesis.
As shown below in Fig. 1.3.2 the top contacts are designed to allow optical access to
the top of the semiconductor structure, while accommodating a metallic region
which is used to bond the device to allow electrical access. Typically, 400µm and
200µm devices were used, limited by the capability of the bonding equipment.

Fig. 1.3.2. A mesa etched sample containing various sizes of mesas. The largest
mesas have a diameter of 400um followed by 200µm

I0011m (with full metal

coverage and full optical access), and 50µm (full optical access)

Once a device is fabricated and bonded a primary electrical characterisation is
performed in dark conditions.

This can give information on whether the growth is

uniform across the processed area and whether the contacts were successfully
bonded. Fig. 1.3.3 illustrates that the dark current density is highly uniform for 11
different mesas of two different diameters (400µm and 200µm). The approximately
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identical IV characteristics of all devices indicate the good uniformity of a sample.
This is demonstrated for most DWELL samples grown in Sheffield. It also provides
evidence that the dark current is a bulk related mechanism rather than due to leakage
from the edges of the devices, since the current density is the same for both 200 and
400µm devices.

N

10°
C)
10-2

pins
1
2
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10-4
10-s
U

7
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Y 10-$ 77K
I n-1°

vn189

-1.5

-1.0

0.0
0.5
-0.5
Applied bias (V)

1.0

1.5

Fig. 1.3.3. Dark current density for 200µm and 400µm diameter mesas for the 2.9M1,
le per dot sample, exhibiting, excellent uniformity across a range of mesa across the
wafer, thus illustrating the good quality of growth and the origin of the dark current
from the bulk rather than due to edge effects.
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Optical transitions in low dimensional semiconductor systems

A very important concept when discussing low dimensional semiconductor
structures,such as QWs and QDs, is how the allowed optical transitions changewith
the reduction of dimensionality of eachsystem. This section will concentrateon the
intraband selection rules for optical transitions in QWs and QDs. This is a widely
discussedsubject in the literature [24-27], and is only briefly touched on here, to
introduce the necessaryconceptsof selection rules, and justify the motivation for
using QDs.
Intraband transitions involve transitions within the sameband (either conduction or
valence band) rather than betweenthe conduction and the valence band in the case
of interband transitions [25]. In order to discuss intraband transitions it is best to
initially consider the conceptually simplest band-structured engineered system,
which is a single quantum well (QW). This consists of a thin semiconductorlayer
with a low band gap (e.g. GaAs) embeddedin a higher band gap semiconductor
material (e.g. AlGaAs) [24,25]. An intrabandtransition in a QW can be seenbelow
in Fig. 1.3.4.

Conduction
band

E2
x
E,
zýl
Egbamer

Egweu
4,
Valence
band

Hý
HZ

Fig. 1.3.4 Schematic of the band structure of a simple quantum well showing
transitions between electron levels E, and Ez or hole levels H, and Hz
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In a semiconductormaterial the total wavefunction (r) of a statei can be expressed
,
in terms of the lattice-periodic Bloch function of a band v (uv(r)) and the envelope
function F;(r) [27]:
(1.30)

yr,(r) = F,(r)ug,(r)

The transition rate from state i to a final statef, can be expressedusing Fermi's
golden rule [24]:

ý;
l

L; r

IS(Ef-E,

2

(1.31)

-diw)

with the transition induced by an external electromagnetic field in the form of a
linearly polarised plane electromagneticwave, describedby:

(1.32)

E= Eoecos(q"r - tot)

where q is the propagation vector, e is the polarisation vector, and E is the electric
field.
In (1.31), H is the interaction Hamiltonian, simplified

using the effective mass

approximation [24] to give:
H' = (elm*)A"p

(1.33)

where m* is the effective mass, and p is the momentum operator (p = MV), and A is

the vector potential correspondingto the electric field in (1.32):
e
A='2 exp(i(q"r-wt))+constant

(1.34)

The dipole approximation is fulfilled for a QW system, since the radiation
wavelength is much larger than the lattice period in the caseof interband transitions
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and the QW thickness for intraband transitions.

From the above, (1.31) can be

written as:
22

E2
r
w=2;
;i 4m

I(ile'pl f)12 5(Ef

(1.35)

-E, -hw)

By using (1.30) and (1.35), the completematrix elementis split into two terms:
(ile'PIf)=e.

(u, IPIu, )(fýIi;

) +e. (u, Iu,.)(fIPIf)

(1.36)

where n and if are subbandor sublevelindices and v and v' are band indices.
From (1.36), if there is changeof band index (interband transition from conduction
to valence band), then v

v', and therefore the overlap integral of the Bloch

functions in the second term becomeszero, and the second term vanishes. The
envelopefunction overlap integral then determinesthe transitions allowed (n=n', or
in other words, the electron and hole stateshave to be of the sameparity). In the
intraband casev= v', and the first term disappears. In this case,the term (fn Iplfn)
9
called the dipole matrix element, determinesthat the two electron (or hole states)
should have opposite parity for a finite transition probability.
Since in a QW the carriers are confined in the growth direction z, the Schroedinger
equation reduces to a one dimensional form [24].

Consequently, this means that

only the matrix element of the envelope function proportional to the polarisation
vector eZalong the growth direction will result in a finite dipole. Therefore in QWs,
the electric field of the incident radiation must have a component along the growth
direction to couple to the intraband transition. This selection
rule is very significant
for devices such as QWIPs, since it determines the geometry of the devices needed,
to ensure that the incident radiation is coupled to the active regions. Typically in
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FPAs based on QWIPs, diffraction gratings are used to couple the light into the
structure, which adds to the complexity of the design of FPAs [26].

Because of the 3-dimensional confinement of the electron wavefunction in a
quantum dot, the optical transition is sensitive at normal and angle incidenceto the
dot plane. Hence, normal incident light having an electric field componentparallel
to that plane can induce an intrabandtransition from the s-like dot ground stateto a
p-like excited state within the dot (s-p transition) as in the case for atomic orbitals.
This makes QD structuressuch as InAs/GaAs, suitable for infrared detectorsas the
need for diffraction gratings to couple the light (typically used in QWIPs) is
eliminated. However the behaviour of dots with respect to this property is not
simple, and depends on the size, shape and composition of the dots. There are
various complicated effects on the polarisation dependenceof the transitions in dot
structures,since the relative strength of either polarisation can dependon a number
of QD parameters[28].

In addition, in structures such as DWELLs, which are largely the emphasis of this
thesis, the optical selection rules become further complicated, since the transitions
occur from a QD bound state confined in 3 dimensions to QW states confined in one
dimension.
require

In such a system optical transitions between states are expected to

an electric

field

component along the growth

direction,

since the

wavefunctions of the ground state of the dot and the state in quantum well, will be
displaced in that direction.

This is experimentally observed in the present studies

and chapter 3 discusses these effects in more detail.

31

P. Aivaliotis

1.4.

Intraband infrared detectors

1.4.1.

Quantum well infrared photodetectors (QWIPs)
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The first QWIP was demonstratedin Bell labs by B. F. Levine et al in 1987 [29].
Since then there has been considerable efforts towards the optimisation of such
detectors,mainly concentratingon material systemsbasedon GaAs/AIGaAs multiQWs, with several reports of high performance QWIPs [29-31]. QWIPs are very
close to becoming a common option especiallyfor the LWIR window and dual band
MWIR and LWIR applications [32-33]. What was once a purely researcharea is
now a commercially available technology. QWIPs benefit from mature material
growth, good uniformity over large area and easy wavelength control, making them
suitable for integration into large scale FPAs, and allowing multicolour detection.
The most attractive attribute, particularly at longer wavelengths is the wafer
uniformity (percentageof working pixels on an FPA), which is significantly better
than commonly used mercury cadmium telluride (MCT) detectors in that range.
The AlGaAs/GaAs QW system is commonly preferred due to the reduced strain,
comparedto QWIPs basedon strainedInGaAs/GaAs QWs.

QWIPs in general do have some disadvantages,such as not being able to detect at
normal incidence, necessitatingthe use of diffraction gratings for integration into
FPAs.

Although this does introduce a component of extra control in the

performance of the FPA, (the gratings can be used for example, to change the
linewidth of detection), there are applications where having
be
gratings
would
no
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very

beneficial,
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enabling

more

cost effective,

lighter

and simpler

FPAs.

Asymmetric QWs [34] have been proposed in the past, to achieve normal incidence
QWIPs. Another approach is to use p-type QWIPs (typically with Be-, Zn- or Sidoping), which are sensitive to normal incidence due to the band mixing between
the off-zone centre heavy hole (HH) and light hole (LH) states [351. p-type QWIPs
however have the disadvantage of lower absorption coefficients (due to the large
effective mass and low mobility of holes). Several approaches have been proposed
to improve p-type QWIPs such as the use of strained p-type InGaAs/AlGaAs
structures [36],

or p-type GaAs/AlGaAs

grown

on (111)A

substrates [37].

However, n-type QWIPs are still more commonly used for FPAs, containing

gratings in most applications.
QWIPs typically have quite fast relaxation times (-lps), and this could changefrom
an advantageto a disadvantagedependingon the application. For example this can
be usedbeneficially when QWIPs are usedfor the characterisationof ultrashort laser
pulses [5]. However, for a staring detector (such as in night vision cameras),a
longer lifetime would be advantageous.

Most QWIPs require cryogenic cooling, since their performance at temperatures
over 77K (liquid nitrogen temperature) is limited by the high dark current, which
subsequently affects the signal to noise. Nonetheless there have been reports of
higher temperatures of operation, in QWIPs with 90%
absorption [30], operating up
to room temperature, but with a significant degradation in the performance.

Still,

for commercial QWIPs, typically 75K cooling is used.

The maturity of QW technology has resulted in more research towards the
improvement of integration into FPAs,
where researchis focused on optimisation of
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fabrication, hybridisation, passivationand other processesat the FPA manufacturing
processor on the architectureof the arrays [38,39]. Other more fundamentalstudies
are also attracting interest with various QWIP detectors designedfor uses such as
heterodynedetection or quadraticautocorrelationof ultrashort pulses [30,40,41].

1.4.2.

Quantum dot infrared photodetectors (QDIPs) and quantum dot-in-awell infrared photodetectors (DWELL

QDIPs)

QDIPs are an evolution of QWIPs which has been initiated since the demonstration
of the detection of normal incidenceinfrared radiation in 1996 by D. Pan et al, using
a structure containing 20 periods of InGaAs dots in a GaAs matrix [42]. Since then
significant researchhas been carried out, resulting in many examples of how such
deviceshave potential advantagesover QWIPs. As it will be discussedbelow, state
of the art QDIPs are beginning to reachthe performancelevels of QWIPs.

It had been theoretically predicted that QDIPs should benefit from much lower dark
currents [15,16,43], potentially resulting in higher signal to noise ratios and higher
temperature operation. It has also been predicted that as a result of the discrete
density of states in QDs, there is a largely suppressedlongitudinal-optical (LO)
phonon assistedrelaxation and also a negligible longitudinal acoustic (LA) phonon
assistedrelaxation with decreasingdot size [44] resulting in longer excited state
lifetimes of the final states contributing to the photocurrent (phonon-bottleneck
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However, more recent

reports, have demonstrated the significance of multiphonon and polaron relaxation
in QDs [44,47,48,49], which results in much shorter lifetimes than those predicted
by the theoretical models assuming a `phonon bottleneck'.

Other reports of

experimental observation of short times have been reported, with typical times in the
order of a few ps for high energy transitions (>100meV) [50,51], and of the order of
tens of ps (20-70ps) [47,48], depending on dot parameters, for the low energy s
-p
transitions.

There have also been theoretical reports and experimental observations of high
photoconductive gain in QDIPs [52,53], which could result in higher responsivity.
High gain could be beneficial in most cases,but as it is also associatedwith the
noise in a photoconductor can be detrimental in others. Other studies have shown
how gain can be enhancedby avalanchegain causedby impact ionization [20]. The
determination of gain is QDIPs is a non-trivial task, and the gain mechanismsand
effects on device performanceis still a subjectof debate.

There seemto be a few generalissueswhen designing QDIPs, including the growth
control of the QDs, the doping of the active region and the device structure. In a
recent review of QDIPs [5], Schneider and Liu, have stressed some issues
concerning QDIP performance. First, a strongly normal incident detector can only
be achieved if the QDs are small in the in-plane direction so the in-plane
confinement leads only to one or two states. Therefore a good aspect ratio (base
diameterto dot height) of 2: 1 would provide efficient normal incidence QDIPs.
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However, the base in typical InAs dots is much larger than the height (-4: 1) [54].
Secondly a high dot density is required to enhance the absorption of the active
region, especially as strain effects do not allow the growth of many layer active
regions as in QWIPs.

This also relates to the doping of the structure, since if one

electron is to occupy each dot; one needs a high density to enable the high doping of
the structure. Recent attempts to increase the dot density have been carried out [55],
and are also discussed in chapter 4.1.

Additionally,

in QDIPs it is not possible to

have the doping in the same layer as the dots, as it can affect QD formation.
Therefore

the doping

is usually

inserted in the barrier,

which

has some

disadvantages such as the introduction of current leakage paths.

The active region of a typical QDIP design consists of periods of InAs (or InGaAs)
QDs in a GaAs matrix, just as the equivalent multi InGaAs wells in a GaAs matrix
(or GaAs/AlGaAs).

The choice of InAs on GaAs has to do with the large lattice

mismatch between the two (7%), providing adequate compressive strain to enable

growth formation at a small critical thickness (-1.2 monolayers of InAs deposited
during growth (ML), depending on growth conditions). In addition to this, the
resulting conduction band offset is appropriate for engineering transitions in the
MWIR and LWIR with the capacity to extendoperation into the FIR.
Several design variations have been suggested to improve the performance of

InAs/GaAs QDIPs. A usual approach is the incorporation of AlGaAs or AlAs
barrier layers into the InAs/GaAs system to act as blocking layers for the dark
current [56-59]. The aim of this is to suppressdark current in order to achieve
higher temperature operation. Detectivities of the order of 109-1010cmHz in/W at
78K for -3-14µm

have been reported from the above references, as well as a
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detectivity of 2.4x108 near room temperature (250K) for 4µm [60], competing with
detectivities of QWIPs at these temperatures and atmospheric windows. Near room
temperature operation designs without AlGaAs barriers have also been reported
[61].

Although QDs are usually n-type doped by Si-delta doping, there have beenreports
on high performance QDIPs with undopedactive regions, which aim at reducing the
dark current, while relying on the doping from the contact layers or background
doping for the generation of carriers. Detectivities in the LWIR as high as 10101011cmHz 1R/Wat 77 and lOOK have beenreported [59,62,63], using InAs/AIGaAs
and InAs /InGaAs/GaAs with undoped active regions.

High detectivities of

from
been
MOCVD growth on
have
(ß,
achieved
also
-3.6x1011cmHz'12/W -5µm)
InP substrates, with InGaAs/InGaP and InAs/InGaAs/InAlAs/InP systems [57],
which are comparableto state of the art QWIPs in the samerange, and FPAs using
thesematerials have been fabricated [57].

There has also been a lot of interest in using what is known as a dot-in-a-well design
(DWELL)

(commonly InAs/InGaAs/GaAs) in QDIPs. This is a principle that was

developed initially

for QD lasers [64,65] for -1.3µm

emission. Early DWELL

QDIPs showed high performance in the LWIR (D* = 109 cmHz in/W @78K) while
exhibiting interesting properties such as two and three colour behaviour and bias
dependent detection wavelength [66-69].
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In a DWELL QDIP the dots are embeddedwithin a quantumwell, which lowers the
ground stateof the dot with respectto the bulk barrier band edgewhen comparedto
a InAs/GaAs structure [67], which in turn leads to a reduction in thermionic
emission and a concurrent increasein operatingtemperature. The InGaAs QW also
has an effect on the nucleation of the InAs dots, resulting in higher dot densitiesof
is
[70,71],
InAs/GaAs
QDs.
DWELL
The
to
also
compared standard
-6x1010cm'2
useful as it gives a well defined transition from the dot ground stateto a state in the
well, in contrast to having just InAs dots in GaAs, where the sametransition relies
on states in the wetting layer. Most QD based photodetectorsare now based on
DWELL structuresand recent reports of FPAs constructedfrom such devicesshow
the applicability of DWELLs for next generationinfrared imaging [72].

1.4.3.

Alternative materials and detectors - Current mid-IR technology

The Hgi.,, Cd,,Te (MCT)

is
the most
alloy
system
pseudo-binary narrow-gap

commonly used material for infrared detection in both near-infrared (NIR) and midinfrared atmospheric windows. The devices rely on interband transitions, where
carriers are photoexcited across the bandgap Eg i. e. to the transition of an electron
from the valence band to the conduction band [4]. The wavelength of the transition
can be adjusted by changing the composition x of the alloy. The band gap energy
can be tailored between 0 and 1.6eV.

However for the detection of long

wavelengths (10µm) a very narrow bandgap is required (O.IeV).

This makes

fabrication very difficult and expensive as the MCT alloy suffers from surface nonuniformity over large areas, and surface instability [3,4]. Thus, even if MCT is still
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more efficient for single and small element high performance detectors in the
MWIR and LWIR, the operability of MCT FPAs in the LWIR is far from ideal
(typically <99.8%).
Recent approachesinclude trying to grow HgCdTe on Si rather than bulk CdZnTe
substrateswhich would make them much cheaperand potentially easierto fabricate,
and also benefit from available larger wafer sizesand Si processingtechnology [73].
Growing MCT on Si, is a non-trivial task due to the large lattice mismatch (19.3%)
[74] but nonetheless,the advantagesof such an approach have rejuvenatedMCT
research. Also there has been interest in MCT on GaAs which has a smaller lattice
mismatch (14.6%) with MCT, which would make the fabrication easier, and the
performanceof the detectorspotentially better [74].

Other standard detectors in the 1-3µm and 3-51im regions include alloys of bulk
semiconductors such as InSb, PbSnTe, Ge:Hg, InAs or InGaAs photodiodes.
Recent developmentsin such structuresinclude work on InAsSb alloys [75] grown
by liquid phase epitaxy (LPE), which is inexpensive whilst yielding high quality
materials. Detectors produced from such structures have been shown to operate
without cooling in the 3-5µm region with high detectivities in the order of 1091 at
101OcmHz12W
room temperature[75,76]

Additionally, a novel type of detector,recently proposed for the 3-5µm atmospheric
window is the nBn detector [77] which may involve different semiconductor
materials depending on the required spectral range.

This proposed structure

contains a large band gap barrier layer B in the active region surroundedby an ntype semiconductor (e.g. InAs, InAsSb).

The choice of materials for the
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heterostructureis made on the principle that when biased there is a zero valence
band offset, whereas there is a high barrier in the conduction band (e.g.
InAs/AIGaSb/InAs). This way the majority carrier contribution to the current is
suppressedand the device only operates with minority carriers. This can help
significantly decreasethe dark current and the noise, and hence allow uncooled
operationwhilst maintaining high performancein the 3-5µm spectralrange [77].

Interband Type-II QW systems like InGaAs/InAlAs, InSb/InAsSb or InGaAs/InP
amongst others have also been demonstrated[4,25,29] and more recently, Type II
InAs/GalnSb strained layer superlattices(SLS), which have a number of advantages
including being sensitive to normal incidence, have been studied as a promising
alternative for LWIR and very long wavelength(VLWIR) detectors[78,79].

All the above detectorswork very efficiently in the MWIR window. However, very
few detectorsare efficient in the LWIR and VLWIR windows. It is for this reason
that the majority of QWIP and QDIP researchis concentratedon making detectors
for this region, as it is where QWIPs and QDIPs can provide an efficient
competitive technology, as well as the capability of dual or multi-band detection.
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Experimental Techniques

In this chapter the various techniquesemployed to characteriseand investigatethe
performance of DWELL QDIPs are presented. Each method described is related in

one or more ways with the previously mentioned figures of merit and detector
physics. The structural, optical, and electrical characterisationof the devices that
were grown and fabricated is discussed in this chapter, along with a detailed
presentationof the instrumentationand experimentalconfigurations used.

First, Fourier transform IR spectroscopywill be presentedto illustrate how different
measurementconfigurations using this technique can provide information about the
related intraband transitions in the DWELL structure and the detector performance.
Also, the instrumentation used to measure the electrical characteristics of the
detectors is described.
standard and readily

In contrast to the above techniques, which are relatively
available for detector characterisation,

the responsivity

measurement instrumentation is somewhat more complex, and was constructed for
the purpose of QDIP characterisation and is discussed in detail in this chapter.

Also included is the description of photoluminescence (PL) and PL excitation
measurementsto study interband optical processesin DWELLs. Finally the basic
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conceptsof ultrafast spectroscopicmethods that were used and free electron laser
physics are mentioned as they are relatedto results in chapters3.1 and 5.2.

2.1.

Fourier transform infrared spectroscopy (FTIR)

The main optical component inside an FTIR spectrometeris based on a Michelson
interferometer. The components of a Michelson interferometer can be seen in
Fig.2.1.1. The IR light emitted by the broadbandglowbar source(S) is collimated at
the output. The beam is then divided through a beamsplitter (BMS), with half of the
light transmitted to a static mirror (MI), while the other half is reflected to a
moveable mirror (M2). During a scanthe path length of the infrared beam from the
BMS to MZ changesrelatively to the path length betweenBMS and Mi. The optical
path difference (OPD or optical retardation S) is determined as this path traversal
difference for the two beamsin the two arms of the interferometer. The two beams
are reflected by the mirrors and recombinedon the other side of the BMS, and the
resultant light beam becomesincident upon the detector (D) [1].

The detector seesan image of the compositebeam as an interferencepattern subject
to constructive or destructive interferencedependentupon the position of M2. The
resultant interferogram is a plot of this intensity variation as a function of OPD. The
maximum constructive interference normally occurs when the two paths are
equidistantat the zero path difference (ZPD).
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M,

Fig. 2.1.1 Schematic of the Michelson interferometer, the source (S), detector (I)),
static MI) and moving (M2) mirrors, and the beamsplitter (BMS).

In an FTIR measurement the resultant photocurrent signal as a ilinction
wavelength is of interest, rather than the interferogram

of

detected i. e. the light

intensity as a function of mirror position in cm. Therefore a Fourier transform (H')
has to be applied that converts the interferogram information (1(6)) to an 1(v) plot
of intensity versus wavenumber (frequency) (in cm"') thus obtaining a single beam
spectrum [1,2].

This is expressed by the following equation:

I(v)=

fI()cos(2V8)dö

(.2.1)

-x

where 6 is the optical path difference.
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Using this function we can derive the background spectra from the background
interferogram, as shown below in Fig.2.1.2. The following sectionsdiscusshow we
can use this method to characterisethe photocurrent or absorption spectra of a
sample.

Background interferogram
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Fig.2.1.2. Background interferogram and its FT spectrum

Photocurrent

measurements

FTIR measurementswere used to characterisespectral responseof QDIPs by using
them to detect the infrared beam. In the experimental set-up in question, the
glowbar, beamsplitter and mirrors are internal to an evacuated Bruker IFS 66v/s
FTIR spectrometer and the QDIP device is placed in a liquid He cryostat (Fig. 2.1.3).
A Keithley 428 current preamplifier provides a bias voltage for the detector and preamplification

of photocurrent.

The interpretation of the resultant interferogram

signal is carried out on a PC using OPUS software which is designed for Bruker
spectrometers.
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Current

PC

-amplifier

IR beam
ostat

Bruker ifs66v FTIR
Spectrometer

QDIP
Fig. 2.1.3. FTIR configuration for photocurrent measurements

The choice of beamsplitter and windows, is determined by the wavelengths of the
transitions under investigation.

Typically for the QDIPs, a Ge KBr beamsplitter

with a range from -1µm to -25µm with ZnSe cryostat windows (0.6-21µm) are used
to measure the detector response in the mid- and long-wavelength IR atmospheric
windows (MWIR and LWIR respectively).
wavelength IR (VLWIR)

Also for transitions in the very long

from
beamsplitter
far-IR
Mylar
(FIR),
with a range
a
and

KRS5
(0.6-40µm)
to
or polythene cryostat windows are used.
with
-14µm
-300µm

Transmission

measurements

In another arrangement of the FTIR spectrometer, transmission measurements can
be carried out. The orientation of the sample with respect to the beam depends on
the polarisation selectivity of the transitions under investigation according to the
intraband

selection

rules as discussed in

chapter

1.

These transmission

for
QI)
helpful
the
to
unprocessed
absorption
spectra
measurements are
measure
structures.
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PC
Bruker ivf66 FTIR Spectrometer
I HgCdTe

I

Ge
Bolometer

Minor

r
.. _ý

4

QD sample

Fig. 2.1.4. Transmission set up for p-polarised 45 multipass geometry measurements
using an MCT cooled at 77K

For high energy transitions in QDs, the facets of the sample were polished at 45° to
provide a multipass waveguide geometry and the signal is collected by a IlgCdTe
detector (spectral range: 2-14µm, peak at 1l µm) cooled to 77K to collect the
incident beam after a QD sample has been placed in the beam path (Fig 2.1.4)
.
Typically the samples are polished down to a size to enable -8-10 passes depending
on sample thickness, to ensure a measurable value of absorption.
Top view

P-POI
.. s-P()/

Fig. 2.1.5.45° polished wave ug
ide geometry

Spectra are measured with s-polarisation (parallel to the dot layer plane) and ppolarisation (50% of the component of the electric field along the growth axis) of
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the incident infrared beam (Fig. 2.1.5). Normalising the transmission of the sample
to a GaAs SI substrate (an undoped-reference sample of the same thickness and
growth conditions) and dividing by the number of layers of active region and further
dividing the p- with the s-polarisation, we can derive the absorption spectra for high
energy transitions corresponding to strongly p-polarised transitions such as those
from the ground state of the QD to the wetting layer (WL) or states in the QW if the
structure is a DWELL as well as bound d-like f-like and continuum states.

On the other hand the FIR transmission spectra are measured by placing the sample
surface plane in a normal orientation to the beam, and therefore exciting transitions
from the ground state to first excited states using radiation linearly polarised in the
[011] and [0-11] directions.

The transmitted signal is measured using a QMC

Instruments 4.2K composite Ge bolometer.

Since the sample is placed at normal incidence to the incident beam as shown in
Fig. 2.1.6, the electric field component of the incident light will be parallel to the QD
plane therefore resolving the absorption of strongly s-polarised transitions.

PC
Bruker ivf66 FTIR Spectrometer
HgCdTe
Ge
Bolometer

I

Mirror

Fig. 2.1.6

Transmission

set up

Cryostat
for

s-polarised

-ýI'QD sample

normal

incidence

ometry
7eß

measurements using a Ge composite bolometer cooled at 4.2K
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Typical normal incidence transmission spectra for InAs/GaAs QDs are shown below
in Fig. 2.1.7.

reststrahlen band
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1. o
ca
=O.8

0

U)0.6
E
C OA
F-

0.2

0.0

300

600
500
400
Wavenumber (cm-')

Fig. 2.1.7. Transmission spectra of a typical InAs/GaAs QD sample at 1OK.

2.2.

Dark current IV measurements - BLIP condition

Dark current measurements are taken at 77K (liquid nitrogen temperature), using a
Keithley2400 source measure unit, controlled by a LABVIEW

program to apply a

flowing
dark
device
the
the
voltage across
conditions and measure
current
under
through it, while the sample is submerged in liquid nitrogen. The device seal is a
metal lid which ensures dark current conditions and retains the same temperature as
the device, thus screening RT background radiation.
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Temperature
controller

device
Keithley
2400

Cryostat
Fig. 2.2.1.

Closed

cycle

He Cryostat

set-up for

temperature dependent IV

measurements

Temperaturedependenceof the dark current IV characteristicsare also carried out
is
in
inserted
but
devices
that
the
cryostat
system
similarly
measurement
with
capable of temperature ranges from -5-300K.

The temperature of the device is

monitored by a thermocouple. The current-voltagecharacteristicsfor temperatures
ranging from 5K to room temperature(300K) have been measured,in caseswhere
information regarding the thermal behaviour of the dark current for a range of
temperatureswas required. However, in most casesthe dark current was measured
liquid
devices
in
by
the
nitrogen.
at -77K,
sealed
submerging

The same set up can be used to determine the BLIP condition of the detector (see
chapter 1.4.5). In order to find the BLIP temperature of the detector a temperature

dependenceof the IV characteristicsis carried out, initially with the cold shield on,
which gives the dark current temperaturedependenceas discussedabove. The same
is then carried out without the cold shield, and therefore with the detector under
300K background illumination from the room. Once both temperaturedependencies
are measured, the dark current IV is subtracted from the illuminated IV and the
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temperature at which the resulting subtracted IV curve is equal to the dark IV is the
BLIP temperature.

aperture

sample

Aluminum
shield

Side view

((O
Top view

Fig. 2.2.2 BLIP condition measurement configuration

of T05 header on cryostat

sample holder

To ensure that scattered light from the room is not detected the whole cryostat is
covered with a black cloth, and hence there is no light from the room adding to the
illuminated current. Also an aperture is placed on top of the detector to define the
field of view of detection, as well as the cryostat sample holder being surrounded by
an aluminium shield, to ensure that the ambient radiation inside the cryostat (which
is at lower temperatures than RT) is not detected. Thus it can be ensured that the

photocurrent detected is the 300K background photocurrent.

The described

configuration can be seenin Fig.2.2.2
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Responsivity Measurements

The responsivity of a detector and its association with the intraband photocurrent
were discussed in chapter 1 (section 1.2.3) and references [3] and [4].

From

equation (1.25):

'12 -

Ip = RPGJR(1%)W(%)d2

Where G representsall the coupling factors and is given by: G= sin2(2 )AF cos(p
.
The intraband photocurrent Ip and hencepeak responsivity Rp of the detector can be
measuredusing the experimental configuration shown on Fig.2.3.1.

The lock-in

amplifier (EG7265) is connected to a PC interface and all the calculations and
measurementsare carried out automatically by an in-house Labview program. The
Kiethley2400 is the sameas for the IV measurements.

When a measurementstarts, the Labview program takes an I-V measurementwith
only the Keithley connected to the device while under illumination from the BB.
After the IV is taken the lock-in amplifier is then connectedthrough the load resistor
RL as shown in Fig.2.3.1. The program then uses the IV data to interpolate the
differential resistanceof the sampleRd;ff vs. applied bias. Then by taking Rd;ff and
RL into account it extrapolatesthe voltage range that the Keithley needsto apply to
the combined RL and QDIP circuit, in order to obtain the samevoltage on the QDIP
as that applied for the initial IV measurement.
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BB
source
PC

Cavity
aperture

ref in

chopper
filter

RL

sample
cryostat
Fig. 2.3.1 Experimental set-up for responsivity measurements equivalent circuit

D
RL

0

Source
Rdiff

Fß. 2.3.2 Equivalent circuit of experimental responsivity measurements set-up

The corresponding circuit is shown on Fig. 2.3.2. The lock-in amplifier measures the
photoinduced voltage changes (AV1i) across RI, with applied bias. The photocurrent
is calculated by a MATLAB

interface within the program, which uses the total
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resistanceof RL& Rd;ff and AVLI for the relative applied bias range to calculate the
photoinduced current flowing through the device. The photocurrent values (1p)and
the experimental parametersand coupling factors (G) are entered in eq.1.25, as is
R(X) which is the
data
in
discussed
FTIR
obtained
spectral
as
section
normalised
2.1. The result is a calculation of peak responsivity in real time i. e. the final output
of the program after one measurementfinishes is the actual peak responsivity Rp.

2.4.

Optical Studies - Photoluminescence (PL) and PL
(PLE)
excitation

A standardtechnique for measuringthe emission characteristicsof a semiconductor
material is photoluminescence(PL) spectroscopy. The PL processinvolves carriers
being excited by an excitation source (typically a laser), above the bandgapof the
semiconductor, thereby creating electrons in the conduction band and holes in the
valence band. The electrons and holes then relax back to the ground state followed
by radiative recombination and thereby emission of the PL signal.

The sample is mounted in a cryostat with windows allowing optical accesson at
least two adjacent sides as shown in Fig.2.4.1, to allow the illumination of the
sampleas well as the emission of the PL from the side.
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detector
E
0

II
computer

Spectrometer slit
TPI
laser

f

collection

lenses

sample
mirror
cryostat

Fig. 2.4.1. Experimental arrangement for Photoluminescence measurements

The PL is emitted at longer wavelengths (lower frequencies) and in all directions. A
low power (-3mW) laser diode (X=632nm) is used as an excitation source, such that
the emission occurs primarily
emission at low temperatures

from the QD ground state. The linewidth of the
provides information

concerning

the homogeneity

of

the QD ensemble.

In this arrangement the PL is collected normally to the angle of incidence to avoid
interference from surface reflections of the sample. Typically, the sample is tilted
slightly, to produce a smaller angle of incidence (450<0<90°), to enhance the signal
while avoiding reflections.

Part of the emission is collected with two lenses and

focused onto the entrance slit of a computer controlled

grating spectrometer

(SPEX1702/04, focal length: 750mm; 12001ines/mm grating, lnm/mm dispersion
with a maximum resolution of 0.0m m). The PL spectrum is obtained by detecting
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the intensity of the signal for each wavelength with a Ge detector cooled to 77K,
while the spectrometer is scanned across a wavelength range.

A different variation of this technique is photoluminescence excitation or (PLE)
spectroscopy.

This is a useful technique to determine the interband absorption

strength of different

electronic states in bulk, QW or QD systems.

In this

configuration the sample is excited by either using a tunable laser or a white light
Tungsten-halogen source. The white light is collimated and focused into a minimate
spectrometer. The dispersed light at the output of the minimate is then re-collimated
and focused onto the sample held within the cryostat. The SPEX spectrometer then
measures the photoluminescence at the peak of the emission while the excitation
wavelength is varied by the minimate [5,6]. The minimate spectrometer slit width is
a trade-off between a narrow excitation linewidth and a reasonable incident power.
Typically for the studies presented herein slit width ranged from l mm-2mm 16].

detector
E

0
Ü
$'

computer

Spectrometer slit

lenses
minimale
lamp
ý7

focusing lenses
filter
4-

sample

Fig. 2.4.2. Photoluminescence excitation spectroscopy confi gurn

62

P. Aivaliotis

2.5.

Ultrafast

Chapter 2. Experimental Techniques

pump-probe

and

FEL

experimental

configuration

The detectors were also characterisedvia time-resolved ultrafast measurementsto
determinethe carrier dynamics, and examinenon-linearilites in DWELL structures.
Two different experimental configurations were used. The first that will be
discussedis a pump-probe experiment using an optical parametric amplifier (OPA)
basedset-up, and the relevant results can be found in chapters3.1, and the second
makes use of a free electron laser (FEL) to perform second order autocorrelation
measurements,and the relevant resultscan be found in chapter 5.2.

Pump-probe

The laser system is shown in Fig.2.5.1 and consists of a Spitfire regenerative
amplifier (Spectra Physics) that is seededby a Mai Tai mode-locked Ti: sapphire
laser, tuned at 800nm with a 1kHz repetition rate and a pulse width of
approximately -100fs. The Mai-Tai seed laser passes through a stage which
temporally stretchesthe pulse length before it is injected into the amplifier cavity.
This helps avoid damage due to such high peak powers if very short pulses were
used.The pump beam is provided by a Merlin lOW Q-switched, frequency-doubled,
Nd: YLF laser with a 1kHz repetition rate matched to that of the Mai Tai, and is
injected straight into the cavity.
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Mai-Tai mode-locked
Ti: Sapphire Laser

Merlin
Pump
Laser

-I

2. Experimewa/

II Stretcher stage

Quantronix TOPAS
OPA
(0

Amplifier cavity
Spitfire regenerative amplifier

I

Fig. 2.5.1. OPA system used for mid-IR pump-probe measurements

The overlap of the stretched Mai-Tai

pulses and the pump beam, within

amplifier cavity provides the amplification.

the

Inside the cavity there are Pockels cells

that control the number of round trips of the amplified pulse betöre exciting the
cavity through the output coupler (OC).

The final stage is a temporal compressor

The
length
to
that
the
maximum output power of the
stage
returns
pulse
-100fs.
Spitfire is approximately IW after the beam has passed through the compressor
OPA
TOPAS
is
Quantronix
Spitfire
The
from
to
then
the
sent
a
section.
output
depending
from
240
20µm
to
the
on the crystal
nm
allowing
wavelength selection
being used. In this case a crystal allowing a wavelength range of 2.7-11 µm is used.
The tuning range is further limited by the filters and beamsplitter used, and in the
present study wavelengths from 7-11µm were used. Nonetheless as the linewidth of
the devices under investigation is narrow and around 8µm this range is sufficient.
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delay
stage
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d
d

sample

probe
}

Parabolic mirror

pump

chopper

ZnSe beamsplitter

Mixed IR pulses from TOPAS output (120fs)

Fig. 2.5.2. Mid-IR Pump-Probe set-up for ultrafast transmission spectroscopy

The output of the TOPAS then passes through the punmp-probeconfiguration shown
in Fig. 2.5.2. The beam is split by a ZnSe beamsplitter into an intense pump pulse
and a weaker probe pulse. The probe pulse goes through a motorised delay stage
with a retroflector, where it undergoes an adjustable temporal delay At with respect
to the pump pulse. Both beams are focused using an off axis parabolic gold mirror
on a sample in the 45° waveguide configuration
focused beam diameter is -200µm.

described in section2.1.

The

The probe pulses were attenuated to be about

200 times weaker than the pump pulses (-5 MW/cm`) using neutral density filters.

At zero time the pump pulse arrives at the sample and after At the probe pulse hits
the sample. If comparing the characteristics of the probe beam (intensity. phase)
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once it crosses the sample, before and after the action of the pump then the
technique is referred to as time-resolved absorption [7], and is the method used in
the present investigation. There a few different ways this arrangementcan be used
to study carrier relaxation in the IR. One is to excite the sample with a UV-visible
pump pulse and use an IR probe as shown below in Fig.2.5.3 (a). The other is to
pump with an IR pulse and probe in the UV-visible range (Fig.5.2.3. (b)).

In our

case where mid-IR intraband transitions are studied the configuration of Fig.5.2.3.
(c) is used, where both pump and probe are in mid IR range.

t
pump
1
probe

Fig. 2.5.3. possible methods using IR pump probe

a) interband pump-intraband

intraband
(c)
intraband
(b)
probe,
pump-probe
pump-interbandprobe, and

This technique can help determine the electron relaxation times in DWELL
structures, after a transition has been excited by tuning the excitation source at the
wavelength where the absorption is maximal for this transition, as well as slightly
off centre from the absorption peak. After electrons populate an excited state, they
relax back to the ground state, and the temporal decay is measured by using a boxcar

(or a lock-in amplifier). Sincethe samplesare QD basedand the absorption is quite
low, an average of several scans is required to resolve the time constants of this
decay. More details can be found in references[7,8,9].
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FEL basics and set-up

The Dutch free electron laser (FEL) known as FELIX, in Nieuwegein, was used to
perform autocorrelation measurementsin two-photon QDIPs (see chapter 5.2), and
hence some FEL basics are included here. The intricate physics and detailed
description of the operation of FELs is beyond the scope of this thesis and more
information can be found in reference [10] as well as the FOM institute website
[12].

FELs make use of a relativistic electron beam, which is forced into a wiggling
motion [10,11].

The electron beam is produced by an accelerator,and is injected

into a resonator, consisting of two high-reflectivity mirrors, around the undulator.
The magnetic field of the undulator is perpendicularto the direction of the electron
beam (Fig.2.5.3) and can periodically changepolarity many times along its length.
This polarity changeresults in a periodic deflection of the electronswhile traversing
the undulator. Thus the electronswill interact with the transversefield of the wave
which is to be amplified via the transversecomponent of their velocity [10]. While
in the resonator the wave will interact with `fresh' electrons. Initially spontaneous
emission will occur, peakedat the samefrequency as the transverseoscillation with
a Doppler shift resulting from the high longitudinal

velocity of the relativistic

electrons. The weak intensity of the spontaneousemission is due to electronsbeing
spreadout over an interval much larger than the radiation wavelength, suppressing
coherent emission. Once the wave has a sufficient number of roundtrips in the
resonator,the beam amplifies itself through the interaction with fresh electronsuntil
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107 to 108 times that of the

spontaneous emission [10,12].

Electron
gun

F%
eýq_ 7

mirror
U
mirror

o-

º

Electron
dump

Au

Fig. 2.5.3. Schematic representation of an FEL laser.

The aspects of FEL that are particularly useful in this study are the wide spectral
tunability, providing laser emission in the far-IR, where high power sources are rare.
FELs also provide high power and variable short pulse width, enabling non-linear
studies of transitions occurring at >25µm and providing -ps pulse width, which
enables the resolution of carrier dynamical processes with ps lifetimes.

The study of two-photon processes in QDIPs using of the Dutch Freeelectron laser
FELIX

in Nieuwegein

autocorrelation

will

be presented in chapter 5.2, where second-order

measurements were performed to detect ultrashort far-infrared

pulses, using a detector with a quadratic photocurrent dependence on power.

The

autocorrelation set-up that was used to investigate this is shown below in Fig. 2.5.4.
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Current
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Autocorrelation

measurement
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mirror

configuration

for
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The experiment resembles the pump-probe technique. although in this case the beam
is split into two pulses with approximately equal powers [12]. Again, one beam is
focused on the detector directly via the parabolic mirror whereas the other passes
through a delay stage and the time difference between the two pulses is At.

When the first pulse reaches the QDIP detector, a transition is excited from the
ground state to an excited state. Since the second pulse has the same energy as the
first one, if it hits the sample at At = 0, then electrons in the excited state will be
excited to a second excited state, energetically equidistant to the ground state-to-first
excited state energy separation. This will induce a two-photon photocurrent via this
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sequential process. If however the second pulse is delayed by a finite At, then
electrons will have time to relax back to the ground state by the time the second
pulse is incident, and the sequentialprocessand hencethe photocurrent will reduce
as At increases.

Apart from information regarding the relaxation lifetimes of the excited electrons,
using this technique information on the dephasing for the transitions can also be
determined, since the decay of the two-photon signal will be dependenton the
relative phaseof the two pulses,as in the caseof degeneratefour wave mixing [6].
A further discussionof this techniquewill be describedin the relevant chapter5.2.
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Spectral Studiesand performance considerations
in InAs/InGaAs DWELL QDIPs

In this chapter the principal issues in the design of DWELL QD structures are
in
DWELLs are discussed,with the aid of
intraband
Firstly,
transitions
presented.
intraband absorption and interband photoluminescence experimental studies.
Narrow, high energy absorption featureswere observed in the LWIR atmospheric
between
the quantum dot ground state to states
transitions
window associatedwith
within the QW. Ultrafast spectroscopywas also employed to determine the carrier
dynamics in DWELLs, where the lifetimes associatedwith the photocurrent were
experimentally measured.

In order to appreciate how individual parameters of the DWELL design affect the
performance of DWELL

detectors, a number of samples were grown in which

various parameters were varied, including: (i) The number of InAs monolayers
(ML) deposited during QD growth, (ii) The QW width and composition, in which
the dots are embedded, (iii) The thickness of the active region (number of periods),
(iv) Doping concentrations.
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This chapter documents the characterisation of all these devices and how the
attempted design alterations affected the performance. Furthermore, the bias
dependent Stark effect in DWELL QDIPs was investigated and the results were
interpreted by theoretical modelling using an 8band k"p model.
As/GaAs DWELL
optimised InAs/InXGai_,,

Finally an

QDIP is proposed and its high

performanceis demonstrated.

3.1.

Intraband absorption and carrier relaxation dynamics in
DWELL structures

3.1.1.

Introduction

In order to optimise the performance of DWELL QDIP devices, it is essential to
understandthe nature of the optical transitions, particularly in the conduction band
(CB) in the case of n-type QDIPs.
(interband) and far-IR

and mid-IR

In this section, results of near-infrared
(intraband) optical

spectroscopy of

InAs/Ino.1Ga0.9AsDWELL structures are presented to investigate the intraband
transitions in DWELLs. An accurateknowledge of these energies is important as
they determine the operating range of DWELL QDIPs and also have a strong
influence on the temperature dependenceof general DWELL devices [1]. Strong
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intraband absorption and narrow linewidth, high energy transitions are observed
hole
Electron
QD
InAs/GaAs
to
and
compared
structures.
confinement energiescan
be determinedfrom thesestudies.

It is also important to determine carrier relaxation dynamics in QD structuresand
DWELLs.

Attempts to estimate the carrier lifetimes in QDs typically used time

resolved photoluminescenceor non-degeneratepump-probe experiments [2]. Most
observation are of picosecond-scale(ps) carrier lifetimes, contradicting the early
theoretical predictions of a quantum dot "phonon bottleneck" [3,4] in the CB, as
interpretation
in
The
1.4.
of results from all theseexperimentsis
mentioned chapter
often difficult as in thesetechniqueselectron-hole scattering (Auger-type) processes
becomepossible, influencing the electron intraband relaxation [2].

Intraband studies of carrier relaxation in n-doped QDs have been carried out for the
lowest energy conduction band (CB) transitions in QDs [5] and for the carrier
lifetimes in wetting layer statesin InAs/GaAs QDs [6]. The lifetime of electronsin
the QW state in DWELL infrared photodetector structures, which is directly related
to the responsivity of such devices had not been studied up until now. In this
section, electron relaxation times of -5ps from high energy states to the QD ground
state in DWELLs were measured using a degenerate mid-infrared (intraband) pumpprobe technique.
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Absorption

studies

The structure investigated was grown by molecular beam epitaxy (MBE) upon a
in
discussed
GaAs
the introduction and in reference [7].
semi-insulating
substrate, as
The structure contained 30 layers DWELL absorbing regions, separated by 500Ä of
undoped GaAs. The DWELL absorbing region consists of 2.55ML of InAs dots
grown within an 80A Ino.1Ga0.9Asquantum well, with IOA of the well below the
dots and 70A above. A schematic of the CB profile of a typical DWELL structure is
illustrated in Fig. 3.1.1.

continuum

GaAs barrier

QW state

-150meV

d, f-like-states
P+

-48meV

P

-42meV

s-state

OmeV

t S-po!arisation

I (//dot plane laver)
P-polarisation
I
(J-dot

layer plane)

InAs QD
Fig. 3.1.1. DWELL

conduction band schematic, showing possible transitions from

the ground state to high energy states. The optical polarisation required to excite the
transitions is also indicated.

The active region is Si 6-doped in the GaAs barrier layers, to a concentration of
6x101°cm-2 corresponding to approximately I electron per dot (e-/dot). Due to the
degeneracy of the QD ground state [8], there can only be a maximum of two
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be
doped
level
in
the
to
twice that of the dot
that
electrons
structure can
a
state, so
density, before any excited states start being occupied. A further sample was grown
Icm-2
1.2x
but
doped
10'
design,
(2e-/dot) to study
to a concentration of
with the same
this effect, and is discussed at the end of this section.

Far-IR transmission spectra were measured at normal incidence to the dot layer
plane along the [011] and [0-11] directions (see chapter 2.1). As shown in Fig. 3.1.2
the normal incidence absorption per layer is stronger (0.4% per layer - thick line)
compared with previously reported [9] InAs/GaAs QDs, (typically
layer

0.2-0.3% per

42.2 and 48.5meV for s-p and
line).
The
thin
transitions
at
energies
occur
of
-

is
in
QDs
InAs/GaAs
to
('48-51meV),
range
a
similar
s-p+ respectively, which
while showing a comparable p+- p splitting.

This splitting has previously been

attributed to the anisotropy of the p-like wavefunction due to an atomistic symmetry
C2, and the built-in interface-dependent piezoelectric field as well as QD shape
anisotropy [9,10].

0.6
x

0.5

IN

-6meV

0.4

h

Ic 0.3

a
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I4 %

DWELL s-p
DWELL s-pt
InAs/GaAs s-p
InAs/GaAs s-p`
-4meV

0.2
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Q

0.040

45
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Energy(meV)
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Fig. 3.1.2. Far-IR intraband absorption spectra for DWELL sample at 10K (black)
and for typical InAs/GaAs QDs (red).

s_p [0111 and sp+ [0-111 transitions are

shown in solid and dashed lines respectively.
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Although the energies are indeed lower and with an increased splitting for the
DWELL sample, it is hard to attribute such effects to an increase in the dot size or
any other parameter, since the magnitude of the difference is comparable to the
observed variation of s-p energies in QDs grown in slightly different conditions. The
stronger absorption for DWELLs could arise from the higher dot density reported
for DWELLs compared with InAs/GaAs QDs [7,11 ].
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non

100
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Energy(meV)

300

350

Fig. 3.1.3. Intraband high energy absorption per layer in the mid-IR for a DWELL
sample at 10K (solid blue line) with AAJX-12% at 155meV (8µm) and InAs/GaAs
QDs (magenta dashed line)

The high energy absorption for the E1-EQWtransitions exhibits a narrow linewidth of
AAJX-12% at 8µm (FWHM:

18meV) compared to the high energy absorption

spectra for typical InAs/GaAs QDs (Fig 3.1.3, blue and magenta lines respectively),
where absorption occurs between the ground state and wetting layer states as well as
possibly d-like and Hike

states. This is evidence of the well defined QW state in
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DWELLs compared to the broad distribution of levels in (or close to) the wetting
layer in the case of InAs/GaAs QDs [8]. More results showing evidence of this can
be found

in

references [12,13,14].

Although

the integrated

absorption

is

approximately equal for both samples, the peak absorption for DWELL structure is
InAs/GaAs
QD
larger
times
a
standard
structure.
compared
with
-4

EdetEexc(meV)
0

50

100 150 200 250 300 350

77K

GaAs band edge
QW state

Co

U,
C
N

1stexcited state

PL
PLE
1.0

1.1

1.2

1.3

1.4

Energy (eV)
Fig. 3.1.4 Photoluminescence (PL) spectrum (black line) measured at 77K for a
DWELL

sample and PL excitation (PLE) at 77K (blue line), First excited state

followed by a peak attributed to the QW state at 60meV and 284meV respectively
are indicated. The excitation energy subtracted from the PL peak detection energy
is shown on the top axis.

Using the set-up described in chapter 2.4, the QD photoluminescence (PL) was
measured at 77K and, as shown in Fig. 3.1.4, the spectra exhibited a narrow
AX/X-3.2% (FWHM = 34meV) peak at 1.08eV. The PL excitation (PLE) spectra
exhibited strong features at 60meV and 285meV, which were attributed to the
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interband transition between the lowest excited electron and hole states and the
transition between electron and hole states confined in the QW, respectively.

These features are attributed to the QD first

excited state and QW states

respectively. From a comparison of the s-p- intraband absorption peak at 42meV in
the absorption spectra of Fig. 3.1.2, with the lowest excited state 60meV PLE peak in
Fig. 3.1.4 we derive an s hole energy of 18meV (30% contribution
-p

from the

valence band). Performing the same comparison between the Ei-EQW absorption
peak at 155meV in Fig. 3.1.3 and the 284meV peak in the PLE spectrum in Fig. 3.1.4
gives an s-QW hole energy of 129meV (45% contribution from the valence band).
From these results the CB: VB offset appears to change for the QD and QW.

0.7
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s-p

0.6
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Fß. 3.1.5. Intraband absorption spectra for the DWELL
Far-IR, s
[0111
and sp`
-p-

[0-111 transitions

sample with 2 e- per dot.

are shown in red and black

respectively. The mid-IR absorption per layer for -10 passes is shown in blue, with
A)A

55% at 150meV (8.3 m),
.

79

P. A ivaliotis

3. Spectral Studies and performance considerations in InAs/InGaAs DWELL ODIPs

The same measurements were carried out for the sample doped with 2e/dot, and the
intraband absorption characteristics were determined. The effect of doping on the
absorption characteristics in standard InAs/GaAs
concentrations has been previously reported [8].
intraband absorption with

QDs with

varying

doping

A spectral broadening of the

increasing doping concentrations due to increased

inhomogeneous broadening had been observed up to a doping level of 2e/dot, and
once this level was exceeded, excited states in the QD became occupied, blocking
the s-p transition and reducing the photocurrent.

As illustrated in Fig. 3.1.5, spectralbroadeningis observed for both S-p and EI-EQW
transitions. As the spectrabecamebroaderthe integral absorption increasedbut the
peak was similar to the 1e%dotsample. In the caseof the s-p transition the energies
of the p"p+ splitting are commensurateto those for the le'/dot sample, but as the
absorption peak is very broad, a large part of it in the caseof the S-p' transition is in
the range of the reststrahlenband, and hence it is not possible to fully resolve the
peak wavelength of the transition.

3.1.3.

Electron relaxation dynamics in DWELLs

For the following studies, a degeneratepump-probe technique was employed, using
the OPA set-up discussedin chapter2.5. The transmission changecorrespondingto
the transitions from El to EQWas a function of time delay between the pump and
probe pulses is plotted in Fig.3.1.6 (black circles), and the data are fitted by a 2nd
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order exponential decay (red dashed line), yielding relaxation times of a short decay
is
initial
decay
decay.
The
longer
followed
by
5±lps
time
Troia,
short
of
a
-150ps
from
EQW
QD
to
the
the
the
to
state
ground state (see
attributed
electron relaxation
Fig. 3.1.1)

whereas the

longer

decay

trap indicates

a

slow

thermal

re-

emission/tunnelling followed by electron capture to adjacent trap states.

It is not possible to determine the nature of the trap states from the present
dots
be
however
they
adjacent
or defects.
measurements;
may

In either of these

cases electrons would be able to escape and be captured to these states (E,«p) before
relaxing back to the ground state, causing a long decay.

I10K, 8.0µm
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Fig-3.1.6. Intraband electron relaxation at 10K after excitation at 8µm against delay
time (black circles). 2"d order exponential fit (red dashed line). The solution to the
rate equations gives a good fit (blue solid line), based on a 3-level system (Inset).
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Assuming a three level system (Fig.3.1.6, inset), where, the first level is the QD
ground state El, the secondis the QW final state EQWand the intermediate is Etrap,
rate equations for the transitions between these levels can be used to fit the
transmissionchangeas shown in Fig.3.1.6 (blue solid line). This model assumesthat
electrons are initially excited to the QW state and then either relax back to the
ground state (Tre1ý)or escapefrom the well (Te), and become recaptured by the
adjacenttrap states(r, Qp).

The rate equationswhich describethe dynamicsof theseprocessesare:

dNQD
NQw Nrrap
Ip
+
+
"Q"
-NQD
Zrelax
dt

(3.1)

dNQW
NQ,,, No,,
Ip
a.
=N
_
_
QD
Zrelax
dt
ze

(3.2)

zcap

dNr

NQW Nt
ap
ap
_ Te _ Trap
dt

Where NQDis the electron population density of EI, NQWand Nj

(3.3)

the
are
equivalent
p

populations in EQWand Epp respectively, a is the absorption cross-sectionof the
E1--*EQWtransition and Ip is the incident power. From the above calculation the
lifetime values which best fit our results are:

(aý -relax= 5±1pS

(b) ze= 9±2ps, and
(c) zap-150ps and higher
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In terms of DWELL detectorperformance,rreýýand zelifetimes are most relevant as
they are closely related to the peak responsivity Rp (for the E1-ºEQWtransition) as
discussedin chapter 1.2. Rpis determinedby the lifetimes by:

RP

e'i'gphoIA'V,

and

gphoto OC zrelax/(Zrelax+ resc)

It should be noted, that r.. in the above expression is the escapetime of carriers
contributing to the photocurrent assumingvertical transport in the growth direction
(see chapter 1.2, and reference [15]). In equations (3.2) and (3.3) however, ze
relates to a more complicated process,as lateral transport to adjacent QDs/traps is
also involved. In order to accurately determine z;SCin the growth direction, pumpprobe measurementsunder different applied bias could be carried out, which will be
the subject of future studies(seechapter6).

Although rrelax-5ps is shorter than the early theoretical predictions, it is still longer
than the equivalent -lps lifetimes in QWIPs (see,chapter 1.2). For efficient QWIP
operation, r.. has to be «ips,

which makes it necessaryto design the final state

contributing to the photocurrent very close to the top of the QW, compromising
confinement. The 5x longer lifetime measuredin QDIPs, indicates the potential of
high responsivity devices upon optimisation of the level position in the
conduction
band.
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Summary

This section dealt with the intraband absorption characteristics of InAs/InGaAs
DWELL structuresfor mid-IR and far-IR transitions. DWELL structureshave been
found to have relatively strong high energypeak absorption comparedto InAs/GaAs
QDs, while exhibiting very narrow linewidth. Also, complimentary interband and
intraband spectroscopictechniques demonstratedthe capability of estimating hole
quantisation energies in DWELLs or other QD structures. The electron relaxation
dynamics in DWELLs were investigatedusing ultrafast spectroscopyand relaxation
times of --5ps were obtained. All the above studieshave enabledthe probing of the
CB and VB of DWELLS, resulting in an experimental demonstrationof the optical
transitions involved in the operationof DWELL baseddevices.

84

3. Spectral Studies and performance considerations in InAs/InGaAs DWELL ODIPs

P. Aivaliotis

3.2.

Design approachesand their effect on the performance
QDIPs
DWELL
of

3.2.1.

Introduction

In this section the polarisation dependenceof DWELL QDIPs is initially discussed,
in order to demonstrate that, although DWELL QDIPs are sensitive to normal
incidence, a stronger responsewas observed for radiation polarised in the growth
direction.

The following parts of this section concentrateon the effects of different

design alterations of the DWELL configuration on the performance. It had been
previously reported that the photoresponsecan be tailored by changing the quantum
well thickness [16]. Also, there have been studies on the effects of doping on QD
structuresand detectors [8,17]. The latter is very important in order to optimise the
performance of a detector structure, whereasthe former provides a useful tool for
specifying the wavelength range prior to growth.
number

of

InAs

monolayers

deposited during

In addition, the effects of the
growth

(NML), on detector

performance are demonstrated. Furthermore, the effects of doping on the spectral
responseand dark current are illustrated.
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Photocurrent

in DWELL

QDIPs and polarisation

dependence

The spectral dependence of a DWELL QDIP on applied bias is shown in Fig 3.2.1.
This behaviour is observed for all the structures discussed in this chapter. Two
photocurrent peaks centred at -130 meV (7-9µm)

and -230 meV (?.-5µm)

are

observed (exact peak wavelength varying from sample to sample), arising from
electron transitions from the InAs QD ground state E, to states in the ln, Gai_,,As
QW state, denoted as EQW,and GaAs continuum states denoted as E, respectively.
,,,
The EI->EQWýphotoresponse correlates well with the narrow high energy absorption
of Fig. 3.1.3 in the previous section.

Wavelength
20 15

10

(µm)
5

-0.1v
-0.2V
-0.4V
-0.6V
-0.8V
-1.0V

ca
a)
c
0
0a)

normalised to El->E

0
0

Cont

f

a

p-pol
10K
50

100

150

200

250

300

350

400

Energy(meV)
Fig. 3.2.1. Bias dependence of the intensity of the Ei-+E

transition for a DWIii.

QDIP sample. The E1->Eow photocurrent is suppressed at low biases, and increases
faster with bias relative to the Ei-aEýoý, (normalised)
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The magnitude of the EI-*EQW and E1--).E, peaks increases with applied bias.
ont
However, the E1->EQWphotocurrent increasesmore rapidly and becomesdominant
for biases>=L0.6V. Fig.3.2.1. shows the spectral dependenceof the 2.2ML sample
on applied bias, in the negative range. The data are normalised to the Ei--*Eco,t
transition. Near zero bias only transitionsto statesin the continuum are evident due
to the low probability of electrons escapingfrom the QW. As the applied electric
field is increased, the escape probability increases, and the E1->EQWtransition
becomes stronger until it dominates the spectra at higher biases. This chapter
concentrateson the characteristicsof mainly the E1-*EQWphotocurrent, as it is the
main spectral feature which determines the operation of the photodetector.
However the E1--*E, photocurrent could be useful in application requiring dual0
band LWIR and MWIR detection.

It is very important to understand the polarisation sensitivity

of the Ei--EQw

photocurrent in DWELL QDIPs, as it determines the configuration with which the
devices need to be prepared and fabricated. Furthermore, as QD-based detectors,
they potentially have the advatage of normal incidence, making them attractive for
FPA applications as discussed in chapter 1.4.

A study of the polarisation dependenceof DWELL QDIPs has been carried out
using FTIR spectroscopy,with the samplespreparedin a 45° geometry with respect
to the plane of the dots, as can be seen in Fig.3.2.2, and discussedpreviously in
chapter2.1.
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DWELL O/)/P. v

Fig 3.2.2.45° polished sample for polarisation dependence measurements

As described in the previous section on absorption studies, the transitions which
occur at higher energies are not bound to bound transitions within the dot, but are
attributed to transitions from the QD ground state to quasi-bound states in the QW,
been
have
be
found
in
These
to
transitions
the
strongly p-polarised
and
continuum.
(Fig. 3.2.3) as the incident light has an electrical field component parallel the growth
direction.
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Fig. 3.2.3. polarisation dependence of DWELL

showing a stronger p-polarisation

compared to s-polarised incidence
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However, a weaker signal is observedfor EI--*EQWat the same wavelength, even
when the incident light is s-polarised (with an in-plane electric field component).
This indicates a more complicated picture regarding the polarisation sensitivity of
the QW state, which could be attributed to the QD potential affecting the QW
wavefunction in QW regions in the vicinity around a QD. This could hybridise the
polarisation of the QW state making it sensitive to multi-angle incidence. This
suggeststhat although the p-polarised photocurrent is -5xhigher, DWELL detectors
are still capableof normal incidencedetection.

The configuration required for NI detection is much simpler to fabricate, and even
though the photoresponsewould be higher if the devices were polished at 45°
waveguide geometry, in many occasions in the following chapters devices have
been fabricated for normal incidence as the photoresponseand generalperformance
is adequateto make comparisonsand draw conclusions regarding various effects of
DWELL design and growth on the performanceof DWELL QDIPs.

3.2.3.

Effects of QD number of monolayers and QW width on the spectral
photoresponse and performance of DWELL

QDIPs

As mentioned in chapter 1, the DWELL design is beneficial as it is possible to
control the transition energy by changing the well design. The dependenceof the
transition energy on the well width has been previously demonstrated [16].
However, changing the QW width has somedrawbacks.In particular, an increaseof
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the QW width leadsto deeperconfinementof the final photocurrent state,henceless
probable electron escape and a consequent decrease of the responsivity.
Furthermore, a device containing wider InGaAs QWs may suffer from strain
induced dislocation formation due to the increased amount of indium in the
structure, while a decreasein the composition could increasethe transition energies
out of the desired atmospheric window, as well as affecting the linewidth and
strength of the photoresponse.Finally it has been shown that variations in the well
width can not be purely responsiblefor the shifts reported in the literature as they
are followed by unintentional changesin the dot dimensions [18]. In this sectionthe
ability to control the operating wavelength by varying the numbers of monolayers
depositedduring the growth of the QDs (NML)as well as varying the QW width are
discussed.
In table 3.1 below, a summary of the samplesthat are discussedin this section is
illustrated along with the parametersthat were altered.
Table. 3.1. Summary of DWELL ODIP sample designs investigated

Sample
no

NML

Doping
(e/dot)

QW width (A)

QW indium
concentration(x)

Number
of
periods

vn189

2.9

1

80

0.15

5

vn190
vnl9l
vn192

2.55
2.2
2.2

1
1
2

80
80
80

0.15
0.15
0.15

5
5
5

vn193
vn194
vn195*
vn356
vn357

2.55
2.9
2.55
2.55
2.55

2
2
1
1
1

80
80
80
80
100

0.15
0.15
0.15
0.15
0.15

5
5
5
5
5

0.1

5

0.15

5

130
2.55
1
vn358
2.55
0
80
vn406
*Si-delta doping place on top of dots
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The first set of samples were grown with different NMI, of InAs (NMI,=2.2,2.55 or
2.9) for two different doping concentrations.

The device structures incorporate a

bottom contact layer of 4000A n+ Si doped GaAs, 5 periods of DWELL absorbing
GaAs
doped
final
4000Ä
Si
GaAs
by
500A
and
a
of
undoped
n+
region, separated
contact layer.

The DWELL absorbing region for the first set of samples (vn189-vn195) consists of
InAs dots placed within an 80A InO.1SGa{)85As
quantum well, with IOA of the well
below the dots and 70A above. The active regions are doped to approximately I
electron per dot (e-/dot) for samples vn189-vn191 and 2e-/dot fir samples vn192Si-delta
doping
is
in
for
Also,
the
the
the
of
position
again
sample vn195
vn194.
GaAs barrier but at the bottom of the barrier just above each DWELL layer. 'l'he
CB diagram of a typical DWELL structure was previously shown in Fig 3.1.1 in the
first section of this chapter.

1e-/dot
2.2ML
2.55ML
2.9ML

10K
a)
U)
c
0
a
U)
a)
L

-p-pol

0
0
3a)
U)
C5
L
0

Z
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200 250 300
Energy(meV)

350

400

Fig. 3.2.4. p-polarised spectral photoresponse for le-/dot samples with different NM!.
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The 1OK p-polarised spectral photoresponse for the DWELL QDIP samples with 1e/dot and different number of NML is shown in Fig 3.2.4 for the same applied bias (1V).

By varying NML from 2.2 to 2.9, a significant

blue-shift (-15%)

of the

EI-*EQW peak (Fig. 3.2.3) from 126meV (NMi.=2.2) to 146meV (N 11.
=2.9) is
observed, due to the increased localization of the QD ground state with increasing
QD size. The 2.55ML sample has a very similar peak energy position to the 2.9M1.
indicating a non-linear dependence of the size on number of ML.

Nevertheless,

such behaviour could provide additional freedom during the design stage of the
DWELL QDIP.

2e-/dot
2.2ML
2.55ML
2.9ML

10K
cß
(D
U)
0
0U)

p-pol

0
wi
0

W
U)
Co
E

0

Z

50

Fi

100

150

200 250 300
Energy(meV)

350

400

3.2. x. p-polarised spectral photoresponse tör 2e-/dot samples with dillercnt NMi
.

In order to verify that the spectral shift originates from the different N11 the 2e-/dot
samples (vn192-vn194) were measured and E1-*Eo \k photocurrent peak energies of
125meV and 147meV for N 11=2.2and 2.9 were observed, respectively, as shown in
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Fig. 3.2.5. The trend seems to be similar for both sets of samples (see Fig. 3.2.6).
which confirms the interpretation of the effect of N,MI, on the spectral tuning of the
photocurrent, ruling out error due to small variations in the growth.

150
145

ýý

E

ý-' 140
2)135
a)
Cj130

125
CL

1

eldot
2e-/dot

120

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0
NML

Fig. 3.2.6. E1=±Enw peak energy dependence for 1 and 2e-/dot samples

It should be mentioned that transitions between the ground state and d- or. /-like
states in the dot were not observed in any of the photocurrent measurements. This is
due to the low escape probability from these states (see chapter 2.1 ).

The PL of the le-/dot samples was measured and the ground state shifted to lower
energy with increasing NML, shown in Fig. 3.2.7. PLE measurements we also carried
out and the peaks corresponding to the first excited state and Eow are indicated in
Fig. 3.2.7.
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U
a)
U
U)

a)
E
O
O

2.2ML
2.55ML
2.9ML
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1.2
1.3
1.4
Energy (eV)

1.5

1.6

Fig. 3.2.7. PL and PL excitation at 77K for samples with NN11_ (hlack), 2.55MI.
.?

(red) and 2.9( Aren)

It is evident from these results that the energy separation between ground state and
EQWincreases with NMI, in good agreement with the intraband photocurrent spectra.
Of note is also that the PL peaks of the 2.55ML and 2.9ML samples are same in
energy, while the latter shows a broader PL spectrum. The similar peak position
correlates with intraband photocurrent results shown above, while the enhanced
FWHM

could be due to enhanced inhomogeneous

broadening,

caused by changes in

the size distribution of the dots, when a certain value of NMI, is exceeded.

What is also interesting from Fig. 3.2.7 is that the increasing N 11.has a more
pronounced effect on the QD ground and first excited state peaks but does not seem
to affect significantly the higher energy peaks attributed to the QW. This indicates
that changes in NMI, mainly affect the QD dimensions and do not significantly

94

P. Aivaliotis

3. Spectral Studies and performance considerations in InAs/InGaAs DWELL ODIPs

influence the quantization energyof the QW state.

The dependenceof the detector performance on NML, in terms of the dark current
density, peak responsivity and dark current limited detectivity at 77K is illustrated in
Fig.3.2.8. It is evident that the dark current density decreaseswith NML from 2.2 to
2.55, due to enhanced confinement of the ground state, as discussed above.
However, for 2.9ML the dark current increasesagain. It is possible that once NMI
exceedsa certain value, dislocations start to form in the structure, causedby the
increasedIn composition, leading to current leakagepaths. The dark current
as well
as the responsivity was measuredfor 11 devices for each sample, to ensurethis was
consistent across each wafer and the curves presentedbelow are averagedover 11
mesas.

In the case of the peak responsivity, it seemsthe trend is the same as for the dark
current. Although for NML=2.2, Rp is the highest for a lower operating voltage
range, the highest detectivity, is calculated for NML=2.55,since the dark current for
the former is higher.

The above results yielded that for the InAs/InGaAs system

and our current growth conditions, NML=2.55was optimum with a detectivity of
D*= 2x109cmHz'nW' at 77K and
in
8-10µm.
a
wavelength
range
of
-1.0V,
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Well Width Variation

Three samples (vn356, vn357 and vn358 on table. 3.1) were grown with different
well widths by increasing the InGaAs thickness grown on top of the dots which lies
above the dot layer in the growth direction, whilst keeping all other parameters the
same within this set, with the exception of the 10-120Ä sample (vn358), where the
In composition of the well was reduced to 10% to compensate for the strain
introduced when growing such a thick layer of InGaAs. The reduction in transition
energy as the well width increases from 70 to 90A is small but evident (Fig. 3.2.9).

vn356 10-70A
vn357 10-90A
vn358 10-120A*

ö
Q0
ö

NI

04
.
0
z
50

10K
..

...
100

150

200
250
Energy(meV)

300

-0.9V
350

400

Fig. 3.2.9. Well width spectral dependence of DWELL ODIP. * 10% Indium

Fig. 3.2.9. illustrates the spectral dependence of samples with different dimensions
of the QW embedding the dots. Although with increasing well width the energy of
the Ei-*EQW transition would in principle decrease, the opposite is observed for the
sample with the 130A QW (vn358). The reduced In composition causes a shallower
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confinement potential of the QW states, and hence the QW states shift to higher
energy. It is therefore possible to assume that the reduction of In composition has a
stronger effect on the energy of EI-EQw

compared to the well thickness. I lowever

the effects could be more complicated as it has been reported that the In content in
the QW affects the nucleation of the InAs dots in DWELLs [ 11].

103
Q 105
10,
10-9
cß
10-"
3
I n-1

"'-1.0

356 10-70A
357 10-90A
358 10-120A

77K

0.0
0.5
-0.5
Applied Bias(V)

1.0

Fig. 3.2.10. Dark current IV characteristics at 77K varying, well width

The IV characteristics in Fig. 3.2.10. follow

the same line of' reasoning as the

spectral results, with the QW shifting lower for wider well (red) and higher for
smaller % of In (green) with respect to the top of the well, decreasing or increasing
thermionic emission respectively. These samples were grown in a different growth
run and were found to have an inferior dark current performance due to the lack of
temperature control during growth.

This lack of control occurred as the new

structures (vn356, vn357, and vn358) were grown on a double polished substrate
which at the time, had not been optimised for this type of structures.
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Effect of doping

As mentioned above, samples with 2 electrons per dot were grown, in all other
The effect of doubling the doping

aspects identical to the le-/dot samples.

concentration was evident in a broadening of the spectral photoresponse for samples
in
Fig. 3.2.11. (a), which
as
with otherwise similar growth parameters,
shown
corresponds to similar inhomogeneous broadening observed in the absorption results
in Fig. 3.1.5.

An increase in dark current density was also observed with increasing

doping concentration (Fig. 3.2.11. (b)).

These effects are supported by previous

for
Inoý.
MOCVD
theoretical
reports
experimental and
5Gao_5GaAs/GaAs

grown

QDIPs [19], and other QDIPs [17,19], [20].
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1.5

and (b)

comparison of IV dark current density at 77K for I and 2 electrons per dot

A sample with the doping introduced above the dot layer was grown (\M()5)

to

investigate possible effects of doping position on dot nucleation. 1iowever there did
not seem to be a very strong dependence of the doping position, since the values
were comparable

with the previous

2.55ML

sample (vnl90),

albeit with slightly

99

P. Ait'uliotis

3. Spectral Studies and performance considerations in InAs//nGaAs DWELL QUIPS

higher dark current.

Therefore it was considered adequate to insert the doping

below the dots as before.

An undoped sample was also grown (vn406). with an otherwise identical design to
vn190 (le-/dot, 2.55ML etc).

QDIPs with undoped active regions have been

demonstrated with low dark currents and good performance, whereby the carriers
are introduced from the doped contacts and background doping [211. Although this
sample showed a lower dark current, as would be expected. it was grown using
slightly different conditions and therefore was difficult to make a direct comparison
with

the le-/dot sample (vnl90).

It was demonstrated however that good

performance could be achieved from DWELL QDIPs with undoped active region,
2W-'
in
D*
109cmHz
A/W,
the order of
with responsivity of -1
and
at-8µm.

NML=2.9

s-pol
p-pol
1e- per dot

N
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Fig. 3.2.12. Polarisation dependence of two different samples with dificrent doping
concentrations (1 and 2e-/dot) at-I. OV and 10K

The s- and p-polarised responses for the samples with NMI =2.9, with I and 2
electrons per dot were compared as shown in Fig. 3.2.12. and the results indicate that
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the detector normal incidence sensitivity increases with respect to the 45°
waveguide incidence, with increasing doping concentration.

However, as

mentioned previously, increasingthe doping can be detrimental to other aspectsof
detector performance such as the dark current. Previous reports [22] have also
shown a polarisation sensitivity of QDIP photoresponseon doping concentration.
This behaviour was attributed to the dependenceof the scatteringprocessesstrongly
contributing to the photocurrent,on the doping concentration.

3.2.5.

Summary

The performance of DWELL QDIPs has been experimentally investigated, and it
was found that thesedeviceshave a strongerp-polarised photoresponsein the LWIR
window, whilst still being sensitive to normal incidence. The DWELL design was
optimised with respectto QD and QW parametersleading to the following design.
NML

Doping (e/dot)

QW width (A)

2.55

1

80

QW In concentration Doping position
15%

Below QD

This design would further benefit from a larger number of layers in the active
region, and as will be seenin section 3.4, a detectorwith the aboveparametersand a
10 layer active region was grown, and exhibited very high performance. The above

analysis would become more comprehensiveif structural methods such as cross
sectional transmission electron microscopy (X-TEM), or cross sectional scanning
tunnelling microscopy (X-STM) were employed to observe the effects of the NMI
deposited during growth.
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Stark shift of the spectral photoresponse in DWELL
QDIPs

3.3.1.

Introduction

The developmentof QDIPs with a detection wavelength which can be Stark-shifted
with an external bias would offer further benefits such as the ability to tune the peak
wavelength of the photoresponsewithin one infrared (IR) atmospheric window or
between two IR atmospheric windows, as previously demonstrated for QWIP
devices [23,24,25].

Stark shifts of -10meV for interband transitions in QDs have

previously been reported [26], however relatively large fields of -300kV/cm were
necessary to observe these effects. For typical QDIP structures one order of
magnitude smaller electric fields are typically used which makes it difficult to
observeand utilize the intraband Stark shift.

As discussedin the previous sections,mid-infrared intraband absorption transitions
involving higher energy states are strongest for radiation polarised in the growth
direction (z) due to the much larger QD dimensions in the lateral direction than in
the growth direction. A significant Stark effect for these transitions is possible if
there is a large z-component of the dipole moment, i. e. if there is a difference of the
z-coordinate of the centroids of the two states. As QD heights are small (a few
nanometres),this difference becomessmall as well. DWELL structures are more
suitable for observing the Stark shift than conventional quantum dot structures,
since the difference betweenthe centroids of the two electron states,is increasedby
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the displacement of the excited state by embedding the dot in the well. In order liar
this effect to be efficient the excited state should be above the quantum well
confinement potential.

3.3.2.

Experimental

results

In Fig. 3.3.1 below, the bias dependent p-polarised photoresponse of the sample with
2.2ML and le-/dot is illustrated.

The same bias dependence is observed iör the

equivalent sample with 2e /dot. As shown in Fig. 3.3.1 the Fi-+EOw peak was found
to be tunable with applied bias. The observed photocurrent spectrum at +1 V was
red-shifted with respect to that at -IV, thus indicating an asymmetric dependence
with applied bias due to the off-centre position of the QD layer in the well.

Wavelength (µm)
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-1V
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Fig 3.3.1. p-polarised photoresponse for ODIP at 10K at +I V (black Iine)
-IV

(red

line) and OV (blue line), for 2.2ML(lett)
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The sample with 2.9ML showed a larger shift between -1.0V and 1.0V, as shown in
Fig. 3.3.2. The same shift was also observed for the 2e-/dot samples following the
same increasing trend with NML.
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Energy(meV)
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Fig. 3.3.2. p-polarised Photoresponse for QDIP at 10K at +I V (black line), -IV

(red

line) for 2.9ML

In order to study the shift of the QD wavefunction
experimental observations a well-within-a-well

and interpret the above

model was initially

used. In this

model the QD layer was approximated using a narrow InGaAs QW (Fig. 3.3.2).
This model is a satisfactory assumption to simulate the basic principle of the bias
dependence of a transition between two confined levels in an asymmetric structure.
Since the applied electric field is in the growth direction, hence the ground state
energy will be affected by changing the confinement potential in this direction.
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Fiji. 3.3.3. Well-within-a-well simulation of OD ground state and OW ground state
squaredenvelope functions for positive and negative bias, showing the origin of the
spectralshift.

Fig.3.3.3 shows the two squaredwavefunctions for either state (Ei and EQW)with
different parity.

The effect of the asymmetry on the EQWbias dependenceis

evident. This model demonstratesthe principle of the observeddependence. Also
by increasing the asymmetry of the structure an increased iE shift is observed.
However in order to quantify the Stark shift in DWELL QDIPs a more accurate
model is required.
Therefore, in collaboration with the Institute of Microwaves and Photonics (IMP) in
the University of Leeds, led by Prof. P. Harrison, a theoretical 8-band k"p model
detailed
be
found
by
N.
Vukmirovic,
the
and
a
analysis of
model can
was provided
in N. Vukmirovic thesis*. This collaboration resulted in the publication of reference
[13].
*N. Vukmirovic, `Physicsof Intraband Optoelectronicdevices' PhD Thesis, Institute of Microwaves and
Photonics(IMP), LeedsUniversity, 2007
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Theoretical

calculations of the Stark shift in DWELL

QDIPs

The theoretical model used to calculate the electronic structure in the CD and
consequentlythe intraband absorption spectrum,is basedon the 8 band k"p method,
with the effects of strain and electric field taken into account. More details of the
theoretical method were published and can be found in references [18] and [27].
Fig.3.3.4 below shows the conduction band of the 2.9ML DWELL QDIP calculated
using the above method with no external applied field. All the states to which
absorption from the ground state is allowed by selection rules are shown, with the
one mostly contributing to the absorptionmarked by longer line.

0.7

0.6
Cl

ö 0.5
PO
0.4
-20

0
10
-10
[nm]
z

20

Fig.3.3.4. Calculated conduction band profile of one period of an InAs/InGaAs
DWELL using the 8-band k"p method
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In the bottom part of Fig. 3.3.5 the wavefunctions of the ground and the excited state
to which the absorption

is maximal

are shown, for biases of -0.6V and +0.6V, as

well as the on-axis potential profile with the energies of the states that mostly
for
the sample with NMi.=2.9.
to
the
absorption
contribute

The quasi-continuum

density of states is represented by a discrete set of states which is a consequence of
embedding the dot in a cylinder of finite size. It has been checked that the
embedding cylinder is large enough so that the calculated absorption spectrum and
the position of its maximum have converged.
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Fig-3.3.5. Calculated potential profile along the z-axis (top) and contour. plots of
wave function moduli of theground state (bottom) and the state to which absorption
is maximal (middle) in the case of dot dimensions that best lit the 2.9M1. sample for
(left)
(right).
+0.6V
and
-0.6V
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It is evident from the wave functions shown in Fig.3.3.5, that the ground state
wavefunction is weakly influenced by the electric field, while the influence of the
electric field on the wavefunction of higher energy quasi-boundstateswhich mostly
contribute to the absorption is much stronger.Negative bias shifts the wavefunction
towards the region of low potential and decreasesthe distancebetweenthe centroids
and the dipole moment of the transition.

The calculation was performed assumingdots of truncated shapewith basediameter
D, height if the dot were not truncatedH, actual height h, and indium content in the
dot x. In these simulations, these parameterswere varied in the range where the
calculated absorption spectrum exhibits a maximum in the same spectral region as
the experimental spectrum: h was varied in the interval 4-7 nm; x from 0.6 to 0.75,
D in the range 15-22 nm, and H was set to l Onm.

3.3.4.

Discussion - comparison of experimental and theoretical results

In Fig.3.3.6, the experimental (open squares) bias dependenceof the Ei-->EQW
transition for NML=2.9is plotted over the range of biasesfor which the photocurrent
peak is observable. The best fit for the dependenceof the transition energy on bias
was obtained when h=4nm, x=0.7, D=17nm, as shown in Fig.3.3.6 (dashed line).
Calculated absorption spectra showing the bias dependentshift can be seen in the
inset of Fig.3.3.6.
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It is known that for the transition between two truly discrete states the following
dependence of the transition energy on the electric field is obtained (including the
terms up to second order of perturbation theory) E=Eo+pF+3F2. where E is the
energy at F=0,

the second term arises from the nonzero dipole moment p at F=O,

and the third term arises from polarisation of the dots in the applied field (the
quantum confined Stark effect).

However, in this case the transition takes place between a truly discrete bound state
and a quasi-continuum density of states. The maximum of the absorption spectrum
is then determined by complex changes in the density of states and does not follow a
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simple quadratic trend, as shown in Fig.3.3.6. In these calculations the position of
the absorption maximum is determinedby the interplay of the bias dependencesof
the energiesof severalstates,as well as by the relative contribution to the absorption
spectrumof eachof thesestates.

As mentioned before, the E1->EQW transition for the 2.2ML sample occurred at a

lower energy due to the shallower confinement potential. The observed bias
dependent shift of the photoresponsewas smaller (-11%) relative to the 2.9ML
sample (15%) as shown in Fig.3.3.5 (open circles) as was discussedabove (see
Fig.3.3.1). Fig.3.3.7 shows the dependenceof the Stark shift on different NML
including the 2.55ML sample.

3C

ia)

E 25

20
L

Co
CO 15
2.2

2.4

2.6
NML

2.8

3.0

Fig. 3.3.7. Stark shift dependence on N mL,.

This indicates that the 2.2ML samplehas a smaller separationbetweenthe centroids
of the QD ground stateand QW wavefunctions (i. e. is more symmetric). Becauseof
the non-uniformity of the indium composition in QDs [28,29],

one possible
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explanation of these results is that the indium composition at the baseof the 2.9ML
sample is larger than for 2.2ML. This meansthe electron wavefunction for 2.2ML
is more localised towards the apex of the QD, thus reducing the separationbetween
the QD and QW wavefunction centroids.

Detailed information about the QDs structure would be necessary to introduce a
non-uniform indium profile in the simulation, however satisfactory agreement is still
obtained with the experimental results using a significantly

larger QD height

(h=6nm) for the 2.2ML sample. The dots are then placed in the middle part of the
well and the asymmetry of the system is smaller. The best fit to the experimental
results (Fig. 3.3.7, solid line) is obtained when h=6nm, x=0.66, D=17nm. Therefore
the most probable explanation for the observed differences in the photoresponse of
the two samples is an increased In content in the dot for 2.9ML, leading to a higher
transition energy and either a change in the indium compositional profile or a
decrease of the dot height leading to an increased Stark shift.

Additional

structural investigations would be necessary to unambiguously identify

the origin of the increased Stark shift, by using cross sectional scanning tunnelling
microscopy (X-STM),

or transmission electron microscopy (TEM). However, the

results clearly show that the bias dependent spectral shift of the photoresponse is
sensitive to QD growth parameters and may be controlled by varying the asymmetry
of the DWELL

system.

The understanding of the bias dependence in DWELL

detectors could provide the ability to maximise the Stark effect for applications
where a considerable tunability over the IR spectrum is required.
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Summary

In conclusion, the observationof the intraband Stark shift in DWELL structureswas
discussedand a good agreementwas found with a theoretical model basedon the 8band k"p method. A non-quadraticbehaviour of the Stark shift indicates that the
transition takes place between a truly discrete dot bound state and a quasicontinuum density of states whereby complex changes in the density of states
determine the maximum of the absorption spectrum. An increaseof the transition
energyand the amount of Stark shift with increasingNMLwas also observed.
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3.4.

Performance

characteristics

of

an

optimised

InAs/InGaAs DWELL QDIP

3.4.1.

Introduction

dot-in-aIn this section, the high performanceof a narrow band InAs/In0.15Gao.
g5As
The
doped
dot
is
detector
1
(DWELL)
studiesthat
with electron per
presented.
well
were carried out in section 3.1, and 3.2, enabled the optimisation of QD and QW
be
design
it
detector,
to
expected
a
which would
parameters,whereby was possible
to have high performance. The detectorwas characterisedand exhibited a very high
features
/dot,
doped
for
1e
at
while exhibiting narrow spectral
responsivity
a sample
as well as a narrow photoluminescencelinewidth, indicating the high quality and
homogeneity of the structure. The device also showed a low dark current and high
detectivity.

The optimised DWELL

structure contained 2.55ML

in
80A
QDs
InAs
an
of

10
doped
GaAs,
Si
layer
Ino.15Gao.
bottom
4000A
n+
contact
of
85As well, with a
periods of DWELL active region, separated by a 500A undoped GaAs spacer and a
final 4000A n+ Si doped GaAs top contact layer. The active region was Si 5-doped

in the top of the GaAs barrier prior to the deposition of the QDs, to a concentration
of 6x1010cm-2
correspondingto approximately 1e /dot.
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3.4.2.

Detector characterisation

Fig. 3.4.1 shows the temperature dependence of the normal incidence photoresponse
spectra of the sample at -2.5V.

As mentioned in previous sections the response
However a strong signal is observed for

be
for
higher
would
p-polarisation.
'5x
for
incidence
this sample.
normal

The spectra exhibit

a narrow Ei-->EQw

from
5 to
ß,
(-165
broad
meV) and a
shoulder
photocurrent peak centred at -7.5µm
bias
being
latter
(200-250meV)
the
more clearly
at
an
applied
of
-6.5µm
-2.5V
resolved for biases near zero applied field where tunnelling from Eo1Wis less
probable.

The detector also showed a bias dependence of the photocurrent peak

position as mentioned in the previous section. The positive 2.5V photoresponse at
77K showed a peak at 8µm as shown in Fig. 3.4.1 (dashed line).

-2.5V
77K

10K

N

a)
U)
c
0
a

--0.9

4)
0
I0
Ca-

1.0

1.1
1.2
Energy (eV)

50K
77K
90K
77K, 2.5V

1.3

i

10

456789
Wavelength (µm)
Fig. 3.4.1:

Normal

incidence

photoresponse of

DWELL

ODIP

at different

temperatures. Response at positive bias at 77K shown in dashed line. Inset:
Photoluminescence at 77K at 1.03eV, with FWHM = 40meV.
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The dark current density characteristics for 400µm mesa etched devices for each of
the structures are presented in Fig. 3.4.2. The device exhibits very low dark current
2
density of 0.1mA/cm at 77K and lmA/cm2 at 90K and -2.0V. A high homogeneity
of the dark current response was observed over a large number of mesa devices

(>10).

10

N

E

a
N

10-,

10-3
10-5
10-'

Y

10-9

o

10-11

10K
50K
77Ký
90K1

-4

024
-2
Applied bias (V)

Fig. 3.4.2: Dark current density dependence on temperature, at l OK, 50K, 77K. and
90K. the plateau region is defined by the noise floor of the measurement unit.

The dark current density homogeneity across the wafer demonstrates the ability to
grow high quality structures, with reproducible results, which in turn proves the
suitability of this technology for large FPA array manufacturing.

Peak responsivity (Rp) measurements were carried out using a calibrated black body
source with a temperature of 1005K and a modulation frequency of 160Hz, as
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described in section 3 of chapter 2. Fig. 3.4.3 shows the peak responsivities for
different temperatures versus applied bias.

A peak responsivity of 8A/W at -3.8V

77K.
3A/W
X,
is
50K
to
at
f7.6µm
about
at-3.5V
observed,
reducing
and
at

These

QDIPs
high
high
to
previously reported
responsivity
and comparable
values are very
[30] at the same wavelength range.

101
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Xp -8µm
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2.5
3.0
3.5
4.
U
-4.0 -3.5 -3.0 -2.5
Applied Bias (V)
Fig. 3.4.3: Temperature dependence of peak responsivity versus applied bias at

normal incidence.

Of note is the increasing trend of the responsivity with temperature up to 77K. Such
an increasing trend has been previously

attributed

to thermally-assisted

tunnelling

in

QWIPs and QDIPs [15]. In addition, the responsivity at 90K is the same as that at
77K for most of the bias range.

However the rate at which Rp increases with

temperature is not the same across the whole bias range.

As the temperature

increases,the detector operating range is limited at higher biases since the dark
current becomes too high.
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Fig. 3.4.4 shows the dark current limited detectivity, which has been calculated by
taking into account the dark current density and the peak responsivity (see chapter
1.2). The maximum detectivity was 1.5x1OtOcmHzI/2W-1at -3V and 77K.

D* is

reduced at 90K to the order of -5x109. cmHz'12W-1 at -3V, which is an expected
reduction as the thermally activated dark current is increased.

1012
1011
N
2

E
1010
Zi,

109
0

50K
77K
90K

normal incidence

2.0
3.5
4.0
2.5
3.0
-4.0 -3.5 -3.0 -2.5

Applied Bias (V)
Fig. 3.4.4. Dark current limited detectivity at 50K, 77K and 90K for optimised

DWELL ODIP

Although

the dark current limited

-2x1O"cmHz''2W-1

detectivity

is of a very high value of

at 50K and --2.0V, it is not such an accurate estimate, since for

low temperatures other noise sources also become significant compared to the dark
current as it was discussed in chapter 1.2. The detector was background limited at
77K and ±2.0V at a field of view of 33° (f/3), as illustrated in Fig. 3.4.5. Therefore
the D* values are accurate for temperatures above 77K and above ±2.0V.
operation of an LWIR

The

detector at these temperatures is of great technological
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significance since they would require less sophisticated cooling, making QDIPs a
more competitive technology for cooled infrared detectors.
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Fig. 3.4.5. Detailed dark current temperature dependence of optimised QDIP, plotted
with the 300K back round photocurrent signal at 77K.

3.4.3.

Summary

In conclusion, this section presented results from a high performance DWELL
photodetector, which was result of the optimisation of DWELL design parameters
(NML, doping concentration, well width etc.). The detector exhibited strong, narrow
linewidth features in the LWIR (-8µm) with responsivity values of
77K,
at
-3A/W
/2W"1
D*
1.5x1O'°cmHz12W-1
77K,
5x1O9cmHzl
and
=
at
reducing to
at 90K for the
same bias while being background limited at 77K.
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Discussion

In this chapter, the intraband absorption characteristics and carrier dynamics in
DWELL structures were experimentally investigated, yielding intraband electron
relaxation times. The benefits of DWELL structures were illustrated, including
narrow linewidth strong high energy absorption, with longer relaxation times from
high energy statesto the ground state of -5ps comparedto -lps for the equivalent
relaxations in QWIPs, and the relevanceof these lifetimes to detector performance
were discussed.

Furthermore the performance characteristics of DWELL QDIPs and the design
parametersthat determine thesewere systematically studied. It was shown how by
changing the number of ML deposited during growth the photoresponsecan be
tailored to a desired wavelength. It was also demonstratedhow the same can be
done by changing the well width, within which the dots are embedded. Other
aspectssuch as the effects of doping and the dependenceof the performance on
polarisation of incident radiation were experimentally investigated.

A comprehensive study of the Stark shift in QDIPs was presented, where the bias
dependence of the photoresponse and its subsequent dependence on ML was
experimentally determined and simulated using an 8 band k"p method. The Stark
shift was related to transitions taking place between a truly discrete dot bound state
and a quasi-continuum density of states whereby complex changes in the density of
states determined the maximum of the absorption spectrum.
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Finally an optimised design consideringall the findings from the first sectionsof the
chapter was suggested for the InAs/InGaAs/GaAs

system, which was fully

characterised,and high performance levels were achieved, with responsivities of
3A/W at 77K and 8µm, and D* 1010cmHz1rzW'1.
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Methods of enhancementof DWELL QDIP
performance

In this chapter,three different approachesare presentedtowards the improvementof
DWELL QDIP performance. As mentioned in the introduction, one of the key
factors limiting the performance levels of QDIPs or DWELLs relative to quantum
well infrared photodetectors (QWIPs) is the typically -lOx

lower intraband

absorptionstrength for a single layer of QDs comparedto a single QW.

The first approachin tackling this issue is to increasethe dot density in each active
absorbing QD layer. This has been shown to be possible in non-detector InAs/GaAs
structures via the use of surfactants [1]. The incorporation of antimony surfactant
was used to increase the dot density in InAs/GaAs QD structures and DWELL
QDIPs, resulting in 2x higher dot densities, which in turn resulted in higher
intraband absorption, and improved detector performance.

Another major factor in the performanceof QDIPs is the reduction of dark current.
Several designs had been previously shown to reduce dark currents in QDIPs with
the use of AIGaAs and AlAs layers [2]. The 2°d section of this chapter presents
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designs variations of structures incorporating AlGaAs current blocking layers and
barrier layers to optimise the suppressionof thermionic emission.

Another approach to address the absorption issue is to increase the number of
DWELL
in
InAs/InGaAs
However,
in
the
the
particularly
absorbingregion.
periods
defects,
lead
layers
for
build-up
to
>20
the
multilayer structureswith
system,
strain
balancing
GaP
detrimental
A
technique
the
to
using
strain
which are
performance.
layers had been previously demonstrated for MOCVD grown QDs [3].

This

technique was applied in MBE grown InAs/InGaAs DWELL QDIPs and the results
are discussedin section 3.
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Enhancing the dot density in QD structuresvia the
incorporation of antimony

4.1.1.

Introduction

The main reason for the lower absorption is that the in-plane QD density limits the
2
few
1010cm
in a QDIP, comparedwith a few
number of absorbing electrons to a
101lcm-2in a typical QWIP. Thereforehigher dot densitiesare required in QDIPs in
order to reach the performance levels of QWIPs. Recent reports have shown how
the QD density can be increasedby decreasingIn surface diffusion of adatoms,via
the use of a low-growth temperatureand/or a high-growth rate [4]. However, the
increase of density in this case can lead to the formation of coalescedplastically
relaxed giant islands, which deterioratethe QD optical properties. Other methodsof
increasingthe dot density such as those involving QD growth on InP substrates,also
often lead to coalesceddots or dasheswhere the oscillator strength is exhaustedby
the lower energy transitions [5]. It has been reported [4,6-9] that QD formation can
be influenced by using surfactants, such as antimony. The exact mechanism of
surfactant-mediatedgrowth is still under debate, but the most generally reported
effect of antimony surfactant speciesis to lower the surface energy and to drive the
growth in a diffusion-limited regime, as well as to segregateto the growth front [4].
Enhanceddot densities have been reported in growth related publications for InAs
dots either grown by MOCVD [4,8,9] or MBE [1], as well as for other material
systemssuch as Ge/Sb:Si QDs [7,10].
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In this section an enhanced dot density resulting from QD formation on an
antimony-rich surface is presented. Interband and intraband studies revealed that
the electron energy structure is similar to standard InAs QDs; however, the
intraband absorption strength is increasedby about a factor of 2, scaling linearly
with increasedQD density. In addition the results for a DWELL QDIP where this
technique of QD density enhancementis employed are presented.The DWELL
QDIP demonstratesvery good performancewith a 77 K responsivity of -1 A/W, a
dark
lowest
QDIP,
low
dark
DWELL
to
the
and
previously
very
current compared
current limited detectivity of -5x1010cmHz1/2W'Iat 7.5µm, showing high potential
of this technique for QDIP development.

4.1.2.

Structural Characterisation

The investigated QD structureswere grown by molecular beam epitaxy (MBE). An
initial sample was grown for intraband absorption studies. The active region
GaAs,
dots
by
layers
1000A
50
InAs
of undoped
separated
contained
of
quantum
with 1 monolayer (ML) of GaSb deposited prior to QD growth. The method of
growing GaSb has been previously demonstratedand more details can be found in
reference [1]. The InAs quantum dots*were grown after the deposition of GaSb.
3.25ML of InAs were depositedduring QD growth. The active region is Si S-doped
to approximately 1 electron per dot.

After the wafers were grown a PL mapping was carried out to check the quality of
the growth. As shown below in Fig.4.1.1, measurementsof the wafers provided
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The reason for

intensities
non-uniform
emission
wavelengths,
very
and FWHM.

this was a problem with the way the substrate was placed within the MBE reactor,
causing a slight tilt of the surface from the horizontal plane, which affected the
Even
distribution
during
though this
the
temperature
across
wafer
growth.
uniform
was quite unfortunate, the red areas near the major flat of the wafers exhibited very
high PL intensity compared to typical QD structures.

Therefore all samples

discussed in this section were processed from that area as indicated in the bottom
left of Fig. 4.1.1.
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Fig. 4.1. I. PL mapping of InAs on GaSb/GaAs wafer at room temperature, from top
left to bottom right, the wavelength of the PL peak, Peak intensity in volts, signal
intensity and FWHM.

Square outline at bottom left indicates the area that was used
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Prior to growth of the multi-layer QD structures an uncapped QD layer was grown
in order to determine the QD density using atomic force microscopy (AFM).
Fig. 4.1.2 exhibits AFM images of (a) standard InAs/GaAs QDs and (b) the InAs QD
deposition
InAs
500°C
Sb
deposited
ML
I
to
the
and
at
of
prior
sample grown with
nucleation.

The QD density is found to be of a value of -6. Ox1010cm-`. This is

dot
QD
InAs/GaAs
increase
typical
to
with
structures
compared
nearly a two-fold
densities of -2-3x 1010cm2 [I I ].

The AFM

image in Fig. 4.1.2 (b) shows evidence of an inhomogeneous size

distribution of QDs, but still no evidence of coalescence, demonstrating successful
QD growth. Although the image is of lower resolution for the sample with InAs on
GaSb/GaAs, it is still possible to accurately estimate the dot density.
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(a)

uw

(b)

Fig. 4.1.2: Atomic Force Microscopy (AFM) image of (a) standard InAs/GaAs QDs
2
and (b) Sb-mediated grown InAs/GaAs dots with a dot density of -6x 1010cm after
deposition of 1ML of GaSb
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The effect of this inhomogeneity is also observed in the PL spectra (taken at 77K
and presented in Fig 4.1.3) as the high energy shoulder to the main PL peak,
otherwise exhibiting

narrow linewidth.

In addition,

PLE measurements were

performed at 77K, which are also shown below in Fig 4.1.3.

InAs on GaSb/GaAs

PL

WL states
NLH

GaAs band

edge

cu

Cl)
C

a)

PLE

C

77K
1.1

1.2

1.3

1.4

1.5

1.6

Energy(eV)
Fig-4.1.3. PL (blue line) and PLE (black line) for Sb-mediated grown QI)s. Arrows
indicate excited state transitions, and heavy hole(HH) - light hole(Lli)

subbands in

the wetting layer (WL)

From the PLE measurements information

about the interband energy state

configuration is obtained. The energy spacing of the PLE peaks from the PL peak
(ground state) attributed to states within the QD are approximately equivalent to

conventional InAs/GaAs QDs [12], which verifies that the QD energy configuration
is not altered with the incorporation of antimony. The first excited state (S1.187eV)
is found to be at an energy -82meV

higher from the ground state (1.105eV)
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followed by excited states in the QD at 1.26eV and 1.32eV (-155meV and
from
The
1.440eV
the
two
and
ground
state
respectively).
peaks
at
-P225meV
1.468eV are attributed to wetting layer transitions from the electron ground stateto
heavy hole (HH) and light hole (LH) subbandsrespectively [12]. The feature at
1.52eVcorrespondsto the GaAs band edge.

4.1.3.

Absorption

studies

The intraband absorption spectraper QD layer for normal incidence and waveguide
geometry can be seen in Fig.4.1.4 and Fig.4.1.5 respectively, for both Sb-mediated
(red) QDs and typical InAs/GaAs QD (black). The absorption per layer of typical
InAs/GaAs QDs Si 5-doped at a concentrationof -2x10'°cm"2, correspondingto I
electron per dot (thin black curve) are plotted along with the absorption for an InAs
on GaSb/GaAsQD sample(thick red curve) doped at a concentrationof -6x101°cm
2 also correspondingto approximately 1 electron per dot for the increaseddensity.

The normal incidence absorption in Fig.4.1.4 is associated with s-polarised
transitions (electric field componentof light parallel to the QD plane) from the QD
ground state to non-degenerate p-like first excited states (sp).
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Fig. 4.1.4: a) Intraband absorption per layer for InAs/GaAs QDs (thin black line) and
Solid lines

InAs on GaSb/GaAs (thick red line) QDs for normal incidence.
lines
dashed
transitions
represent s-,2' transitions
whereas
represent s_p-

The apparent red-shift between the InAs (55meV) and InAs on GaSb/GaAs dots
(51meV) is within the range of 48-60meV, which is the typical range o1*variation
for standard QD structures, depending on growth parameters. The normal incidence
absorption peaks for sp and s-p+ transitions were measured for both samples along
the [011] and [0-11] crystallographic

directions respectively. A more detailed

discussion of this splitting was discussed in chapter 3.1 and Ref 1131. The energy
splitting

for the InAs on GaSb/GaAs QDs is indeed smaller (4.4meV)

than the value

for the InAs QDs reported here (5.5meV), but is again within the range of values for
typical InAs QDs [14]. Also, the splitting is typically -10% of the transition energy
so for lower transition energies the splitting also reduces. Using the same method as

in chapter 3.1, the hole quantization energiescan be determined by the comparison
of interband and intraband results, and an energy of 31meV for the lowest excited
valence band state transition was found.
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The strength of the absorption peak per dot layer for the s-p transitions shows an
for
dots
increase
InAs
GaSb/GaAs
the
twofold
compared to
on
approximately
typical InAs QDs. Also, the integrated absorption extrapolated from the spectra per
layer for the typical InAs/GaAs

QDs is 0.88(a. u), whereas for the InAs on

GaSb/GaAs QDs it is 1.98(a.u). Again, although the doping concentration for the
InAs on GaSb/GaAs sample is higher than for the particular InAs/GaAs QD sample,
the integrated absorption per layer of the former is still higher than previously
doping
[14,15].
This
QD
InAs/GaAs
correlates well
similar
samples
with
reported
with AFM results in Fig. 4.1.2. There is also evidence of a low energy shoulder on
the intraband normal incidence absorption for the InAs on GaSb/GaAs sample.
inhomogeneous
distribution
QDs
be
the
to
also observed
of
which could
attributed
in the AFM image and PL spectrum shown previously.
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The higher energy absorption spectra measured at IOK is shown in Fig. 4.1.5. It is

in
broader
the
that
this
are
of
a
case
spectra
nature and are more complicated
evident
to interpret, since transitions from the dot ground state to both the wetting layer
(WL) statesas well as stateswithin the dot (d-like, f-like states),and also to GaAs
continuum states are contributing to the absorption [12].

Nevertheless, the

combination of these mid-IR and far-IR spectroscopicresults for normal incidence
it
is
for
band,
the
and
above, provide an effective method
probing
conduction
incorporation
from
that
there
the
of
unwanted
are no
effects arising
evident
antimony, since the transition strengths remain equivalent to those for typical InAs

QDs.

Furthermore, an increasein the integral absorption for the mid-infrared transitions is
observedby a factor of -1.5 for the InAs on GaSb/GaAsQD sample(thick red line)
is
black
line)
in
4.1.5.
This
(thin
Fig.
InAs
QDs
to
a very
as
shown
compared
detectors
it
for
as is thesetransitions that are relatedto
promising result
mid-infrared
the photocurrent (and thereforethe responsivity) in QDIPs.

4.1.4.

DWELL QDIP with GaSb

In addition to the growth of QD samples with Sb for absorption studies, an
InAs/In0,15Gao,85As DWELL

QDIP device was grown using the same method of

density
deposition
dot
layers
1ML
GaSb.
The
QD
the
the
was
after
of
growing
of
determined from AFM imaging to be of the value of -7x1010cm 2. The device was
grown containing 10 periods of InAs dots placed within an 80A Ino.15Ga0.85As
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quantum well, with 20A of the well below the dots and 60A above, separated by
I000A of undoped GaAs. The growth parameters and doping concentrations were
as for the absorption sample, but with 3.0 monolayers of InAs deposited during QD
growth.

The overall device structure is otherwise the same as for the samples

for
in
3
(see,
example, section 3.5). The same problem of nonpresented
chapter
uniformity also occurred for the same reasons in this wafer. Again the area closer to
the major flat was used to cleave process and fabricate detector devices.

a
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a)
Cl)
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110K

-2.0V
10

3456789

Wavelength (µm)
Fig. 4.1.6. Spectral photoresponse for DWELL QDIP with GaSb at 77K (black), 90K
(red) and 110K (blue) at normal incidence.

The photoresponse spectra measured at different temperatures (77.90 and 110 K)
exhibited a peak centred at a wavelength of -7.5µm at -2.0V. shown in Fig. 4.1.6.

The spectra exhibit narrow linewidth (AU

17%. FWHM=29meV) over a wide

range of biases, and the bias dependence is similar to that previously reported for
DWELL structures [16,17,18]. An increase of the photocurrent from 77K to 90K
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was observed, due to thermally activated processes, typically observed for QWIPs
and QDIPs [2,19].

Furthermore a narrow photocurrent signal at the same operating bias was observable
up to 110K. The peak responsivity Rp of the detector was measured using a black
body source at 1005K at normal incidence. The bias dependence of the responsivity
can be seen in Fig. 4.1.7, and values of R,, -I A/W were observed at around -4.0V at
77K.
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Fig. 4.1.7. Responsivity
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-17i1
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Applied bias (V)

for DWELL ODIP with GaSb at 77K (royal blue), 90K

(wine red) and 110K (olive green) at normal incidence

At this bias at 90K R,, only reduces to -0.6A/W, whereas at 1l OK the photoresponse
is overwhelmed by the dark current (Ia) at high biases, thus reducing the maximum
operating voltage to -2.8V, where Rp is 0.16A/W (Fig. 4.1.7).
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The detector however, exhibited very good dark current behaviour with currents as
low as 0.1µA at -3.0V at 77K (Fig. 4.1.8) (10µA for previously grown detectors
As temperature increases thermal activation is

without Sb at similar conditions).

by
has
increased
Id
90K,
one order of magnitude (1 µA at -3.0V).
and
at
enhanced
The detector was found to be background limited at 77K for a FOV 33° (0).

The

lower dark current for the DWELL QDIP with Sb could be explained by the fact
that the effect of Sb also suppresses the formation of defects, as well as increasing
the dot density [20].

However the larger barrier of 100nm compared to 50nm for

the DWELL QDIP with the lowest dark current could also be the reason for the
reduced dark current in the same bias range.
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Fig. 4.1.8.

Dark current for DWELL ODIP with GaSb at 77K (royal blue), 90K

(wine red) and 110K (olive green) for a 400µm diameter mesa device.

A

high dark current

limited

detectivity

(D*nL)

was calculated at 77K

of

-5x1O'°cmHz'12W"1 at -2.8V and 7.5µm (Fig. 4.1.9), mainly due to the low dark
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cf DWELL

ODIP performance

current (1.5x101°cmHz1/2W-1for previously grown detectors without Sb at the same
conditions). D*DL at 90K is reduced to 1.6x1010cmHz''2W-1(for the same bias) since
the increase of the dark current is faster than the increase in responsivity. D41)J,was
/2W-1
is
be
1.5x1O9cmHzl
110K,
the
one
of
at
and
still
which
estimated to
-2.8V
highest detectivities reported at this temperature for a DWELL

QUIP grown by

MBE in this wavelength range [2,12] pointing towards the realisation of high
temperature QDIPs at this atmospheric window.
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detectivity

for DWELL

ODIP with GaSb at: 77K

(royal blue), 90K (wine red) and 1IOK (olive green) at normal incidence. Red dots
represent the best 77K detectivity for a previous device (see Chapter, 3.5, Fi3.4_4)
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Summary

2
density
from
increase
dot
(QD)
in
An
typically -2-3x1010cm to
the quantum
2 via the deposition of IML of antimony prior to InAs QD growth, was
-6x101°cm
integrated
intraband
A
times
absorption was observed,with no
reported. -2
stronger
QDs.
band
to
the
the
energy
significant changes occurring
configuration of
Furthermore an implementation of this method to a quantum dot-in-a-well infrared
photodetector was demonstrated, with responsivity values of -1A/W

at 77K and

high
dark
limited
detectivities
90K,
0.6A/W
to
as
at
with
current
reducing
-7.5µm
as -5x1O'°cmHz'nW'

These
further
7.5µm.
that
with
results suggest
at -2.8V and

InAs
doping
the
the
of
on
control
and
performance
optimisation of
growth
GaSb/GaAsQD and DWELL structurescan be enhancedto levels exceedingstatelevels
devices,
DWELL
QDIP
the
of
with
of-the-art
potential of reaching
performanceof commercial QWIP detectors.
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Incorporation of AlGaAs layers in InAs/InGaAs QD
detectors

4.2.1.

Introduction

As discussed in chapter 1, dark current is a major limiting factor in the performance
of photoconductors (discussed in chapter 1.2), since it determines the maximum
temperature
operating
of the device.

QDIPs should, in principle, have low dark

due
[21,22].
3D
the
to
the
of
electronic
states
confinement
currents

demonstratedexperimentally for InAs QD baseddetectors [23,24].

This has been

Furthermore,it

has been reported that by incorporating AIGaAs as barriers or current blocking
layers [2], which have a wider bandgap than GaAs, one can suppressthe dark
currents even further, which could potentially lead to QDIPs operating at higher
temperatures[25,26].

In this chapter, studieson the incorporation of AlGaAs layers in DWELL QDIPs, as
barrier layers and current blocking layers, are presented. A significant suppression
of thermal excitation has been achieved through this technique. However, the
current blocking mechanismis also found to affect the photogeneratedcurrent, thus
limiting responsivity. Nevertheless,evidence that this is a promising approach is
be
issues
to
the
addressedfor further application of this
presented,and
which need
technique are identified.
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Thick (50nm) AlGaAs barrier layers

A structure was grown to investigate the effect of having AlGaAs barrier layers
instead of GaAs. The structure (vn359) consisted of a5 period DWELL absorbing
region, (1 electron per dot) with 2.55ML of InAs dots placed within an 80A
A
by
In0.05Ga0.95As
500
quantum well separated
of Alo., Gao.9As barrier layers. The
indium composition in this structure was reduced to obtain approximately the same
band-offset as the devices separated by GaAs barrier layers.

Of note is that these structures were grown on a double polished substratesince
single polished substrateswere not available at the time of growth. The double
for
QDIP n-i-n device fabrication, and
is
polished substrate not a requirement
been
had
it
difference,
the
the
time
growth
no
at
not
make
although
should
in
during
it
is
So
terms
temperature
the
the
control
optimised
of
growth.
although
kept
in
AlGaAs
barriers,
it
be
draw
the
to
use
of
should
possible
conclusions on
mind that the growth was not of the usual standard.

The photoresponsefor the first device is illustrated below in Fig.4.2.1. A DWELL
like peak is observedfor negative biasesbut not for positive. This could imply that
the asymmetry of the dot within the well is higher, and that for positive biasesthe
QW state is at a lower energy which is too confined with respect to the band edge.
This could also indicate that the reduced indium composition significantly changes
the strain in the structure, and hence the conduction band could be significantly
different to the one presentedin chapter3, especially in terms of the in-build electric
field (see chapter 3.3). This could affect the shapeof the conduction band potential
and causethe enhancedasymmetryin the photoresponse
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It should be noted that the transition energy for negative bias is at higher energy
than previous samples described in chapter 3. This could be attributed to the band
low
higher
GaAs,
for
being
l)
AIGaAs
(even
than
composition
as
with
a
as
y=0.
gap
for
does
InGaAs
QW
the
that
the
not correspond to
and
x=0.05
y=0.1
combined
so
the same offset for In0.15Ga0.85Asin GaAs (an estimated 10meV higher for the
AIGaAs sample). Also the transition only appears in the spectrum for high values of
applied bias (>-4.0V).

This indicates that the state is deeply confined with respect

to the band edge, limiting operation to a small bias range
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Fig. 4.2.1.10K

spectral photoresponse of OD sample with 500A AI_i(io,, )aAs

barriers and 80A Ino 05Ga0.95AsQW, measured at 45° polished geometry.
positive bias response does not exhibit DWELL

The

like behaviour, and shows an

increasedasymmetrybetweennegative and positive bias
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Evidently from Fig. 4.2.2, the dark current is drastically reduced in comparison with
for
InAs/InGaAs/GaAs
dark
lower
measured
an
the
previously
currents
one of
device of the same diameter. The dark current is so low it is below the noise floor
of the measurement unit up to ±4V.

Once exceeding AV

the dark current

increases, with values which are still very low compared to the literature [2,21-24]
but again, only for a limited range of --4 up to --5V (Fig. 4.2.1).
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QW
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sample
red),
and
optimised
95As
(chapter 3.5) (rte

The responsivity of the sample was measured and indeed found to be very low
is
barrier
how
GaAs
the
to
photocurrent
samples, which shows
compared
previous
barrier
QW
deep
from
the
the
the
enhanced
state as well as
confinement of
affected
height of the AIGaAs as shown in Fig. 4.2.3. This effect has been observed by other
reports on similar techniques [2]. This is undesired since for a good detector a good
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low
dark
is
is
However,
this
technique
as
a
current.
as
well
required,
signal
optical
be
there
could
ways to optimise the performance
not necessarily unrewarding, since
of such a design.
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Fig. 4.2.3. Peak responsivity at 77K of QD sample with 500A AIG(,,

barriers
)aAs

45°
"I'he
QW,
Iný.
80A
responsivity
measured
at
polished
geometry.
and
ý5Ga0.95As
between
biases.
increased
negative
and
positive
asymmetry
shows an

As discussed above the control over the temperature of growth of these particular
device structures was not optimum compared to the growers' typical standards.
Temperature

control

is of major importance

in the growth of AIGaAs

layers as to

minimise non-radiative carrier traps/defect density, even for thin layers such as
these [27-29] and this could significantly affect the performance.
A detectivity of - 1x1O'°cmHzl/2W-1 at 77K and -4.2V was deduced, shown at
Fig. 4.2.4, which is a very good level of performance for a detector of such small
responsivity and this number of layers, but again the detectivity only remains at this
high level for a limited bias range.
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4.2.3.

Thin AIGaAs current blocking layers

Another technique of reducing the dark current with the incorporation
by depositing

thin current blocking

layers which should in principle

ofAlGaAs

is

block the dark

current while avoiding the introduction of traps in the AIGaAs, which is more
probable for thicker layers. This technique is also easier to implement. and should
in fact suppress the dark current while allowing the tunnelling of photogenerated
carriers, and successful examples had been previously demonstrated in the literature
using similar techniques [2].
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A sample was grown (vn747) with 10 periods of dots placed inside an 80A
devices
in
3.
Ino 15Ga0.
grown
chapter
as
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The device was found to have a relatively good photoresponse, exhibiting

the

expected features for a DWELL detector as shown in Fig. 4.2.6. It is evident that the
spectral behaviour is not affected by the AIGaAs current blocking layers as in the

caseof thicker barrier in the previous section.
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What can also be extracted from Fig. 4.2.6 is that the voltage required to see a
transition from the QW, is much lower than previously, which is also beneficial in
terms of technological issues in focal plane arrays. The hybridisation
(integrating detectors and read out-circuit)

process

in FPAs is usually limited by the

operational voltage of the read-out circuit, and typically

detectors operating at

voltages below 4.0V are preferable.

InAs/In015Ga085As/Al
(15Ä,l
02Ga08As
normal incidence

10-1

:tf

ö 10-2
Q77K

200um mesa

-2.0

Fig. 4.2.7.

Peak

-1.5

normal

1.0
1.5
-1.0
Applied bias (V)
incidence

responsivity

2.0

at

77K

of

InAs/Ins 15Ga085As/A1o_2Ga0.8As
at 77K. The operating range is reduced from that at
I OK, with maximum values going up to ±1.75V.

The peak responsivity of this device was found to have values of -80mA/W

at-1.7V

and 77K for normal incidence. This is a lower value than previously observed tör 5
layers of DWELL QDIPs with I electron per dot, without current blocking layers. It
is reasonable that the responsivity decreases since, even with a thin harrier there will
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be some suppression of the escape and tunnelling of photogenerated carriers as well
as of thermally excited ones.
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Fig. 4.2.8. Dark current density at 77K of InAs/Ins,,
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xsAs/At 2(ia4)xAs
190).
layer
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InAs/InGaAs/GaAs
(vn
the
equivalent
sample
a5
curve
plotted along

Nevertheless the dark current density for this sample was found to he low with
3x10-`A/cm`
at ±2.0V.
values of

The dark current was not as low as for the thick

AIGaAs barrier sample described in the previous section but at the same time this
design had improved spectral characteristics while still suppressing the dark current
compared to a design without AlGaAs current blocking layers. Fig. 4.2.8. shows the
dark current density IV curves of the sample with AIGaAs blocking layers.

The resulting calculated detectivity at 77K is illustrated below in Fig. 4.2.9. It was
found to exhibit a maximum value of 1.8x109cmHz"2W-1 at --0.6V.

Although as an
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absolute value this is inferior to the one measured for the sample with thick AIGaAs
barriers (-1x1OIOcmHz'12W-1), the latter exhibited such detectivity values at -4.2V
decrease
factor
for
limited
This
7
range.
of
of operating voltage is quite
and
a very
detector
based
that
a
on this structure would have a
although
significant and means
smaller detectivity there could be advantages arising from the low operating voltage
in terms of hybridisation into FPAs.
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at 77K.

The operating range is reduced from compared with the thick barrier

sample ±1.75V,

and maximum

detectivity

occurring

at -0.6V.

Further more it is believed that the problems with the control of temperature of
growth of Al have not yet been totally overcome, which could mean that this design
is actually very promising for feature growths, and perhaps with a larger number of
layers.
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Summary

In the above section, 2 different design approachesto using AIGaAs layers were
in
dark
the
to
currents QDIPs, and thus improve the signal to noise
presented reduce
ratio. It was shown how the dark current could be reduced with the use of these
methods.
From all the above it would appearthat using thick 500A AlGaAs barriers results in
the lowest dark currents at 77K, comparedto all the other techniquesfor a similar
bias range. However, as previously observedin the literature the photocurrent also
barrier,
between
from
high
has
be
the
thick
there
to
trade-off
energy
and
suffers
a
how
demonstrated
It
thermal
excitation and escape. was also
photogeneratedand
one can maintain the good spectralcharacteristicsof a DWELL detector and reduce
the dark current via the incorporation of 15A of A10,2Ga0,8As
current blocking
layers.

As a general technique it should be possible to find a trade-off which yields a good
photocurrent/ dark current ratio using AlGaAs, and reports of successfulstructures
have been presentedin the literature mentioned above. It would also be a desirable
systemespecially if the In content can be minimised as this would enablethe growth
of multilayer QDIP structureswith >10 periods. However, there are issuessuch as
the short wavelength of the final photocurrent state observed (<8pm), which would
be unsuitable for operation in the LWIR. Also the introduction of non-radiative traps
in thick AlGaAs layers, as well a intrinsic reduction of the photocurrent due to the
high energy barrier presentfor AIGaAs.
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4.3. Incorporation of GaP strain-balancing layers towards

large absorbingregions in DWELL QDIPs

4.3.1.

Introduction

As discussedin the above sections,one of the main issues concerning QD device
for
is
lower
typical QD structurescomparedto
the
mid-IR
absorption
performance
QD
increasing
issue
by
the
One
QW
devices.
this
addressing
way of
equivalent
density, was the subject matter of section4.1. Another way of increasingthe overall
is
detector),
is
here
(in
device,
to
QD
this
a
case
which presented
absorption of a
be
layers
If
50
the
grown,
could
active region.
and more
grow multiple repeatsof
this would lead to high gain and high absorption detectors [19], which could
potentially lead to higher temperatureoperation.

So far structures with 5 and 10 QD layers have been discussed. The growth of
many QD layers where each layer has QDs with similar size and density and is
without defects for the InAs/InGaAs system becomes increasingly difficult once
more than 10 repeatsare exceeded[30,31]. Each layer is highly strained and, after
several layers, dislocations will start to appear in the upper layers [32,33]. The
is
introduced
by
InGaAs
the
compressively strained with respect to
which
strain
GaAs (see Fig.4.3.1), leads to strain relaxed dislocations affecting the optical and
electrical performance severely. Even when thick GaAs spacer layers are used
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betweenthe layers, dislocations will occur when many layers are stacked.There are
severaltechniquesthat are currently employedto deal with unwanted strain induced
effects [34], including the growth of strain compensation(SC) layers. SC through
the deposition of GaN,,Asi_, layers had been reported [35] although it has be found
to affect the QD growth, and also causesa red shift in the QD PL wavelength.
Although this is beneficial for QD lasers aiming for operation near 1.55µm, in
QDIPs operating in the LWIR this could be detrimental. There have also beena few
reports of the use of GaP SC layers in the growth of QD test structures [3,36], as
well as laser structures[37,38], and this techniqueis highly relevant to this section.
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Fig. 4.3.1. Bandgap energy and lattice constant of various II-V semiconductors at
room temperature

This section deals with the incorporation of GaP strain compensatinglayers. GaP is
tensile strainedwith respectto GaAs, with a lattice mismatch of 4%, and is therefore
used to balance some of the compressive strain of the In (lattice mismatch -7%
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GaAs).
t.
w. r.

Growing a thin layer of GaP before the deposition of the dots should

layer
QDIPs,
layers
20+
DWELL
the
the
compensating
of
since
growth of
enable
would prevent the strain field from the previous layer affecting the nucleation of the
dots in the upper layers of a stacked structure. This should in principle result in
in
layers
bottom
QD
terms
top
of
the
are
similar
and
multi-layer structures where

dot density and size.
This technique has been previously demonstratedfor InGaAs as well as InAs dots
[3,36].
deposition
by
(MOCVD)
chemical
vapour
organic
grown
metal

An

implementation of this technique in a laser structure was also demonstratedwith
beneficial effects [37]. So far, no demonstrationsof MBE grown QDIPs with strainbeen
have
layers
(SC)
reported.
compensating

Furthermore due to the larger

4.3.4),
Fig.
GaAs
(-500meV-see
the
GaP
band
to
relative
conduction
offset of
incorporation of GaP layers would introduce a current blocking layer, which could
dark
help
the
current.
suppress
also

4.3.2.

Structural Information-Characterisation

In this investigation, three samples were grown to investigate the strain
compensationproperties of GaP and the effects on the electrical performance and
optical characteristics of DWELL QDIPs. The overall MBE growth method was
InAs
in
2.55ML
3.
In
to
that
of
mentioned
chapter
summary,
similar
previously
in
GaAs
500A
QW,
deposited during growth, embeddedin an 80A Ino.15Gao.
a
g5As
barrier matrix, with le-/dot. The three samples included a5 layer sample, which
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peu/r rinunre

in
term ot'thc strain
to
with
previous
non-compensated
compare
growths
was grown
effects on the performance. a 20 layer sample to demonstrate the capability of
growth

of such a large structure without

significant

defects, and a further 5 layer

sample with a smaller In composition (0.1) in the QW.

All samples incorporated

L.
below
W
40A
ML
GaP
the
of
roughly
-1

Fig. 4.3.2. Cross-sectional IEM image of 20 layer InAs/InGaAs 1)Wli

I. structure

with I ML of GaP deposited prior to growth

Cross-sectional transmission electron microscopy (T FM) was pcrformcd to observe
the layer quality.

The image shown in Fig. 4. ,2

is the I N,M of' the 20 layer

structure showing overall good quality, and with the exception of' the relaxed
dislocation on the left hand side of the image the structure seems relatively dclcctfree. It is evident that there are areas of localised defects. but these can also arise
when the sample is cleaved for preparation of''I'I-: M imaging.

Ifone rooms in the
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image with the TEM, it can be observed whether the top and bottom layers are of
high
'I'[M
density.
Unfortunately
dot
resolution
size and
similar

was not availahle.

in
4.3.3,
it
is
hard
distinguish
images
Fig.
be
from
the
to
accurately
seen
and as can
dot
density.
furthermore
the
and
variation
of
size
quantify
and

It is possible to

distinguish from these pictures that the QDs seem to be 'flatter' than conventional
DWELL QDs, particularly for the bottom and middle layers.
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Fig. 4.3.3. Magnification
DWELL
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Middle 3 layers
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InAs/InGaAs

"...

Bottom 3 layers

of the Cross-sectional "I'FM image of' the 20 layer

IMI.
with
structure

of'Gal',

40A below the WI

showing the

top, middle and bottom 3 layers of the structure

Apart from balancing some of the strain, it has been shown 131that iI the Gall layer
is close to the WL or in fact directly below it, the surface roughness is smoothed out
causing changes to nucleation and therefore dot density, as well as a reduction ot'dot
size for the upper layers. Lever et at 131 had shown that it was better to have the
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GaP layer away from the dots at 200A below the dot layer and 1OOAabove for a
300A barrier, to avoid alterations in dot size and density. The distance should not
indication
it
is
but
in
QDs,
MBE
be
the
the
good
grown
a
caseof
same
necessarily
that the GaP layer should not be close enoughto the QD layer to affect nucleation.
This distance was chosen to be 40A, which now is believed to have been
layer
in
GaP
like
barrier
For
500A
the
the
should
one
our case,
a
underestimated.

have perhapsbeen 200A abovethe dots and -300A below the consecutivelayer.

V

0
0.

0.1

0.1

0:

z [nni]

Fig.4.3.4. Calculated profile of DWELL ODIP with l0Ä GaP layer 40A below the
InAs/InGaAs region.

A calculation of the conduction band is shown in Fig.4.3.4 and has beenprovided by
Nenad Vukmirovic*.

The calculated profile shows the strain-induced built-in

is
barrier.
This
QW
interface
field
the
the
the
slightly
of
and
electric
effect at
reduced compared to the calculated profiles at chapter 3.3.

As mentioned

*N. Vukmirovic, 'Physics of Intraband Optoelectronicdevices' PhD Thesis, Institute of Microwaves and
Photonics (IMP), LeedsUniversity, 2007
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previously, the GaP also provides a current blocking layer which would potentially
suppress the dark current (as well as the photogenerated signal, see previous section
4.2). It has been shown for laser structures with GaP SC layers that by increasing
the thickness of the GaP layer the strain compensation can be increased [9]. After a
`critical thickness' the tensile strain will exceed the compressive strain it is meant to

balance, leading to `anti-dot' formation. Also, with the increaseof GaP thickness
even below the critical level, the barrier thickness would increase,and the escapeof
photoexcited carriers would become less probable. Nonetheless,the dark current
would decreaseas well, and an optimum could be reached.

Therefore in terms of optimising the design of the SC layers one needs to consider
the position of the layer in terms of the effects of GaP on nucleation, as much as the
thickness of GaP in terms of strain compensation and tunnelling

optimum
efficiency.

4.3.3.

Detector performance

Although from structural characterisation,it seemed that the overall growth was
successful,the GaP did not help to improve QD detector performance. The dark
current was measuredat 77K for the 5 layer and 20 layer samples. Compared to
previous 5 layer DWELL detectors a decreasein dark current was observed,with
increased asymmetry attributed to the conduction band barrier introduced by the
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GaP incorporation as illustrated in Fig. 4.3.5.

It was also observed that for the 20

layer sample the dark current characteristics clearly deteriorated.

This indicates

that defects were indeed introduced even if the GaP did provide partial strain
compensation.

In order to achieve good quality multi layer I)WELI, s with Gall SC

layers, there needs to be further optimisation with respect to the thickness and
design
layer.
be
GaP
It
in
barrier
that
this
the
the
was a
should
noted
of
position
first attempt. and did not follow from an optimisation process.
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Fig. 4.3.5. Dark current IV curves for samples with Gal' and control sample at 77K.

Nevertheless the reduction of the dark current for the 5 layer sample is a combined
effect of the barrier offset and a reduced defect density in the structure.

Therefore

the strain is partly balanced for 5 layers, although further attempts of growing such a
structure would be required to achieve many period layers of low defect densities.
As mentioned previously, another parameter that was underestimated was the
distance of the GaP layer from the dot layer to avoid the effects of GaP on QD
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has
it
is
QD
been
As
that
this
the
of
possible
size
affected thus
a
result
nucleation.
The spectra of these devices

band
the
configuration.
conduction
expected
altering

for either 5 and 20 layers, were observed to be of a broad nature centred around 220200meV respectively (Fig. 4.3.6), for the full range of their operating bias, indicating
that the observed response is due to bound to continuum transitions.

This could

is
from
QW
the
the
tunnelling
that
state
suppressed.
somehow
mean

GaP
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layers
vn647
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Fig. 4.3.6. Spectra of samples with GaP SC layers; Slayers (red) and 20 layers
black

This was initially assumed to be a combined effect of the QW state being deeply
confined in an InO.15Ga0.85Aswell with the GaP barrier further decreasing the
tunnelling probability.

A re-growth of the 5 layer sample was theretore attempted at

a later stage with an InO.1Ga0.9Aswell.

This was expected to increase the dark

current, but in fact the measured dark current performance of the device was much
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of DWELL

QDIPperlormance

inferior to that expected and more so compared to the previous GaP containing
The dark current comparison with the previous 5 layer sample and the

device.

control sample is illustrated in Fig. 4.3.7.
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0246
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Fig. 4.3.7. Dark current comparison of QDIP with GaP 5 layer re-growth compared
GaP
initial
sample
with
no
control
with
growth and

The spectral photoresponse of this sample was also observed to have broad features
centred on -220meV, similar to the previous attempt. However there was evidence
of a second peak at '-85meV (-15µm)
Fig. 4.3.8.

for a range of biases as it is shown on

This is a low energy compared to previously observed bound-to-QW

transitions (100-150meV).

If it is assumed that the GaP is close enough to the QD

layer to affect nucleation and cause the dots to be smaller in the growth direction,
then the energy separation between the ground state and the state in the well will
decrease (as the ground state goes to higher energy, and assuming that this has no
effect on the QW state position.
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Fig. 4.3.8. Normal incidence spectral photoresponse of GaP 5 layer Q1)IPs regrowth.

The arrow indicates to the low energy peak attributed to a low energy

bound-to-QW transition.

Fig. 4.3.9 illustrates the QD PL of the sample with Gal) SC layers and a typical
DWELL detector (vn4l1, see chapter 3.4). The PL peak for the Gall SC sample is
blue shifted from 1.02eV to 1.06eV. This 40meV shift is also observed in the PIi
spectra (also plotted in Fig. 4.3.9) for the peak attributed to the QD first excited state.
However, the peak attributed to the QW state in the PLE curve, does not seem to be
affected significantly.

This is a clear indication of a lower QD height resulting in

higher PL energy for the sample with GaP SC layers.

The reduced energy

separation between the ground state and the QW state, would lead to lower
intraband photocurrent energy for the Ei-ºEQW transition, which agrees with the
observed low energy feature in Fig. 4.3.8.
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Fig. 4.3.9. PL and PLE of regrown sample with 5 layers of GaP SC layers plotted
against a typical InAs/InGaAs DWELL

structure previously discussed in chapter

3.4. (Arrow indicates QW state )

4.3.4.

Summary

As discussed in this section, it is possible to partially balance the compressive strain
introduced by the indium in InAs/InGaAs/GaAs

DWELL QDIPs with the insertion

of Gal? SC layers which are tensile strained relative to GaAs. TEM imaging was
layer
20
demonstrate
to
the
of
a
structure with a low defect density.
used
growth
However, there needs to be further optimisation of the growth of such structures,
and particularly with respect to the position of the GaP layers from the QD layer,
GaP
been
QD
it
has
that
the
affects
shown
since
nucleation process.
previously
Furthermore, the number of GaP MLs should be optimised, bearing in mind the
critical thickness in terms of the strain balance.
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In conclusion, whilst this techniqueis a promising route to QDIPs containing many
(>20) QD layers, there still needsto be significant further optimisation to enablethe
high
high
temperature detectors, without
and
potentially
absorption
production of
compromising the spectraland electrical characteristics.

4.4.

Discussion

In this chapter it was shown how different techniquescan be applied to control and
low
QD
QDIPs.
It
demonstrated
how
DWELL
the
the
was
enhance performanceof
density, which limits the number of absorbing electrons, can be increased,through
the incorporation of a thin layer of antimony prior to QD growth. It was also shown
that the incorporation of AlGaAs barriers can reduce the detector dark current but
GaP
depositing
by
Finally,
the
strain
optical performance.
not without reducing
balancing layers, the growth of large numbers of periods of active QD regions can
be achieved.

In my opinion, of the three techniquesdiscussedin this chapter, the incorporation of
but
best
did
Not
is
this
the
the
also
only
results,
yield
promising.
antimony
most
devices
QD
issues
in
the
generally,
self assembled
addressesone of
most significant
namely the QD density. In addition it was observed that the dark current also
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reduceswith this techniquepossibly due to suppresseddefect formation influenced
by the GaSbsurfactant.
One would imagine that for high density ensembles (perhaps even ordered [see
Infrared Physics & Technology 50 (2007) 162-165], the doping control would
improve as well as the number of absorbing electrons, especially as uniformity of
distribution would improve. This would therefore be a more successful way of
reducing the dark current rather than using AIGaAs barriers, which as shown can
deterioratethe optical performanceof the detector.

Finally the growth of GaP strain balancing layers towards the production of multilayer (>20) DWELL detectors was demonstratedand discussed. This is quite a
promising technique, especially for detectorsfor high temperatureoperation. This
technique also introduces a current blocking barrier in the conduction band, which
decreasesthe dark current. However, there needsto be further growth and design
attempts in order to optimise the position and composition of the SC layers.
Nevertheless,it could provide a very interesting approachfor strain compensationin
QD baseddevices.

In conclusion, the incorporation of antimony in DWELLs as well as the principle of
strain compensation with GaP, are both promising techniques towards the
production of high performance DWELL QDIPs. With standardisedQD growth,
allowing the precise control of QD density and doping, these techniqueswill most
certainly be capable of producing very high quality, competitive detectors in the
LWIR atmosphericwindow.
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Novel directions in quantum dot infrared
photodetectors

The previous two chapters dealt with the optimisation of design parametersand
DWELL
QDIPs.
final
This
the
of
performance
experimental
methodsof enhancing
in
field
DWELL
QDIP
is
dedicated
the
to
the
concepts
of
of
novel
study
chapter
research.

In the first part of this chapter, the capability to tune the spectral photoresponseof
DWELL QDIPs via rapid thermal annealing (RTA) is discussed in detail. RTA
for
QWs
QD
have
been
mainly
and
non-detector
structures
reported
studies
widely
[1]. In this section however, the first demonstration of wide spectral tunability
acrossthe whole LWIR window is reportedfor DWELL QDIPs. In addition, it was
observedthat using this techniqueto tune the wavelength after a device growth did
not diminish the detectorperformancebeyond expectedlevels.

The second section deals with non-linear optical effects in DWELL QDIPs.
Standard methods for the detection of mode-locked and pulsed quantum cascade
lasers as well as other pulsed sourcesin the MIR and FIR typically use non-linear
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light,
is
to
which
crystals
measured by a slow linear
generate second-harmonic
detector. This section reports the first demonstrationof two-photon operation of a
DWELL QDIP. Two photon (2P) processeshave been studied in QWIPs [2], with
high sensitivity 2P detectorsof mid-infrared sub-picosecondpulsesdemonstrated.The
developmentof 2P QDIPs would be highly significant as they are capableof true
normal incidenceoperation,have long intermediatestatelifetimes resulting in high 2P
intrinsic
level
have
energy
an
configuration which makes
absorptionco-efficients and
them particularly attractivefor operationin the terahertzregion.

In the final section of this chapter,the design and fabrication of photovoltaic QDIPs
is discussed.

Photovoltaic operation had been previously observed in

photoconductive QDIPs, due to the in-built strain-induced electric field [3].
Nonetheless,optimised detector structuresfor photovoltaic operation had only been
reported for QWIPs.

This section includes results from two DWELL QDIPs

designed to introduce a controlled in-built electric field and achieve high
detection.
MIR
performancephotovoltaic
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Rapid thermal annealing for intermixing DWELL QD
structures

5.1.1.

Introduction

As mentioned in previous chapters, there have been demonstrations of QDIP
performance levels that are beginning to approach those of the more mature QWIP
technology.

However, a serious drawback is the relative complexity to design

QDIPs for a specific wavelength range, because the QD size control requires the
variation of many different growth parameters. Rapid thermal annealing (RTA) is a

common tool used to give post growth alteration to the transition energies inside
semiconductor structures by inter-diffusion of constituent atoms (intermixing)

[1].

There have been several reports showing that it is possible to retain the 3dimensional

confinement

in

QDs

after

high

temperature

annealing

[4,5].

Intermixing affects both the height and shape of the QD confining potential, hence
changing the transition energies and the intersublevel spacing [6]. Additionally, the
photoluminescence linewidth for ground state transitions significantly decreases for
increased intermixing,

indicating

a reduction

of

the QD

size and strain

inhomogeneities [7].

Previous studies in QWIPs have demonstratedthe possibility to tune the spectral
responseof the detectorsby quantum well intermixing (QWI) e.g. strained InGaAs
QW systems,where shifts of 1.2µm have beenachieved [4], and GaAs/AIGaAs QW
systems, where shifts of 1.6 and 1.8µm have been achieved [5,6]. Typically for
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QWI, RTA is used along with ion implantation, which provides a precise control of
the amount and depth of the defects introduced upon intermixing

[5], since using

solely RTA usually results in significant spectral broadening and degradation of the
dark current (>order of magnitude).

There have recently been reports on the effect

by
QWI,
intermixing
in
QDIPs,
to
shifts
compared
accompanied
a
of
with small
significant degradation in performance [7].

In this section the post-growth tailoring of the spectral photoresponseof DWELL
QDIPs is discussed,whereby shifts as large as 41tm (46meV) have been achieved
using post-growth RTA.

The narrow photoluminescence and intraband

further
devices
display
for
the
narrowing upon
as-grown
photocurrent spectra
for
in
for
QDIPs
device
The
a
competitive
range
annealing.
performanceremained
1
detectivity
from
1.1xlO'°cmHz'12W
this wavelength range with the
reducing
at
1 at 10.9µm at 77K. This threefold reduction across this
8µm, to 3x109cmHz112W
wavelength range was found to be comparableto that calculated for QWIPs, based
for
[8].
detectivity
This
the
a
with
wavelength
photoconductor
on
reduction of
indicates that although the control of the amount of point defects is not as preciseas
with the aid of ion implantation, the introduction of undesirable amountsof defects
is limited using this technique.
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5.1.2.

Absorption

The DWELL

studies of annealed DWELL

QDs

sample studied here is the sample discussed in chapter 3.4 for

absorption studies (vn758). The DWELL absorbing region consists of 30 periods of
InAs dots placed within an 80A Ino_1SGa0.85Asquantum well, with 10A of the well
below the dots and 70A above. The active region was Si b-dopcd to a concentration
corresponding

RTA

to -le-/dot.

in a rapid

was performed

thermal

annealer

(Mattson) at a temperature of 800°C for 2 and 4minutes. During the RTA process,
the samples were sandwiched between 2 GaAs wafers to prevent As out-diffusion
from the sample surface and were kept in a Nitrogen ambient environment.

Wavelength (µm)
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Energy(meV)
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Fig. 5.1.1 Mid-IR high energy intraband absorption of as-grown (black), 2 minutes
(red) and 4minutes (green) annealed absorption samples at 800°C measured at 10K.
The inset shows the corresponding photoluminescence at 77K for each sample.
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Fig. 5.1.1 shows the mid-IR absorption spectrum at 10K for the as-grown sample
(black dotted line) attributed to the E1-+EQwtransition, which was found to be
stronger and narrower (& J?-'12%@8µm, FWHM-18meV) comparedto equivalent
transitions from the QD to the wetting layer in InAs/GaAs QDs [9]. The sample
found
for
800°C,
for
2
4
800°C.
It
that
was annealed
was previously
and minutes at
large shifts can be achieved for ground state to first excited state (sp) transitions
[1]. As illustrated in Fig. 5.1.1, the absorption peak shifts from 157meV (-'8µm) for
the as-grown sample to 124meV (10µm) for 2min, and 112meV (11µm) for 4min of
RTA.

Annealing is expectedto changethe composition, strain and anisotropy of the QDs
is
indicative
the
transition
the
of a reduced
and
energy upon annealing
reduction of
QD confinement potential [1]. Along with the intraband energy shift, a spectral
for
down
0k/ß,
4
for
from
to
AM-12%
the
as-grown,
narrowing of
absorption
-9%
minutes is observed.

This linewidth decrease suggests a reduction of

inhomogeneities in the QD shapeand size.

Similar to previous reports [10], the

increased QD bandgap due to intermixing is evident from the blue-shift of the
interbandphotoluminescence(PL) peak upon annealing(inset of Fig 5.1.1).

As previously discussed in chapters 3.1 and 4.1 the far-IR normal incidence
transmission spectra can be measuredwith the s-p' transition excited using light
polarised in the [0-11] crystallographic direction and the s-p- transitions excited
blue
lines
in
5.1.2
direction.
The
Fig.
in
[011]
light
the
green
and
using
polarised
layer,
incidence
the
which were presented and
per
absorption
show
normal
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discussed in chapter 3.1. It should be noted that when the samples were annealed
for 2 minutes, no intraband absorption was observed for the s transitions.
-p

reststralen band

1.05

1.00
c

0

-10K

0.95
L.
0
U)

Q

Annealed at 8000C
0.90 for 4 min

S-p'l

S-ps-p
n Rc
vv 15...............
25
20

As grown
....

30

35

40

Sp

I....

I....

45

50

55

Energy(meV)
Fig. 5.1.2. Normal incidence intraband absorption spectra in the far-IR for DWELL
at 1OK. For the as-grown sample, s-,2- [0111 and sp+ [0-111 transitions are shown in
blue and green respectively at 42 and 48meV.

The same transitions are shown in

black and red respectively at 25 and 27meV. The 2 minute sample transitions are
assumed to have shifted to energies within the reststrahlen band

It is assumed that when annealing the structure for 2 minutes the energy of the s-p
transition is in the region of the reststrahlen band. This assumption is supported by
the results for 4minutes RTA at 800°C which exhibit absorption peaks below the
optical phonon energy at 25meV and 27meV for the s-p- and s-p
respectively.

transitions.

The anisotropy-associated splitting (discussed also in chapter 3.1) is
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evidently reduced from 6 to 2meV, and this had been previously observed in
InAs/GaAs dots by Zibik et al [1], demonstrating the reduction of the
inhomogeneitiesin size and strain associatedwith the splitting [1].

These results are also relevant to work which concentrates around the investigation
of carrier lifetimes in QDs. By shifting the QD transitions below the LO phonon
energy it is possible to perform e.g. pump-probe measurements to shed light on the
nature of the relaxation mechanisms, which have been previously reported to be of a
multiphonon

or polaronic nature, and generally associated with phonon-assisted

relaxation. Currently, in related work, our group has performed such measurements
on annealed InAs/GaAs

QDs using an FEL source (FELBE)

near Dresden,

Germany, to investigate relaxation times in QD samples that show s-p transitions of
found
2
times
to
of
up
ns.
and
-100µm

5.1.3.

Effects of intermixing on DWELL QDIP performance

The QDIP device structure which had been grown (vn411, see chapter 3.5),
incorporated a bottom contact layer of 4000A n+ Si doped GaAs, 10 periods of
DWELL absorbing region, separatedby 500A of undoped GaAs and a final 4000A
doped
doped
layer.
Si
GaAs
The
to a concentrationof
was
active region
n+
contact
correspondingto -le'/dot.

RTA was performed as in the previous section.
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Fig. 5.1.3 illustrates the intraband photocurrent spectra measured under normal
incidence conditions at 10K and 3.0V. The photocurrent peak at +3.0V shifts from
8.1 µm to 10.9µm for 2 min of RTA.

Wavelength(µm)
14 12

86

10

as-grown
2min 800°C
4min 8000C

Co

a)
C
0
0
Cl)

u)
0
0
0
N

3.0V

N
E

10K

0

Z

80

120

240
160 200
Energy(meV)

280

Fig. 5.1.3 Intraband photocurrent spectra for as-grown (dark yellow), 2min (black)
and 4min (orange) DWELL QDIP samples annealed at 800°C measured at 3.0V and
I OK.

When annealing the device for 4min at 800°C a further shift of the peak wavelength
up to 11.6µm is observed with a cut-off at -13.5µm.

A high energy tail is evident

for the as-grown detector as well the absorption sample. This has been previously
attributed to bound-to-continuum

transitions [11]. The tail could additionally be

influenced by inhomogeneous broadening of the QD distribution, which reduces
upon annealing and causes a subsequent reduction of the high energy shoulder.
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PL measurements of the as-grown DWELL
AU-4.5%

QDIP exhibit a narrow linewidth of

and PL peak energy of 1.024eV. The PL peak shifts

(FWHM-42meV)

to 1.148eV and 1.177eV for 2min and 4 min, respectively, with the linewidth
reducing down to -28meV after 4min of annealing as shown in Fig. 5.1.4 (a). The
rate of the PL peak shift is similar to the absorption sample, demonstrating the
repeatability of this technique.

cu

as-grown
2min 800°C RTA

77K
-

4min 800°C RTA

U
C
N
U

as-grown
2min 800°C RTA
4min 800°C RTA

cß
c
0
cD

N
E

x
w
O
0
9-.CL

0.9

J
IL

77K
1.0

1.1
Energy (eV)

1.2

1.3

0

50 100 150 200 250 300 350 400 450 500
Eder-Ee. (meV)
r

Fi 5ý1.4. (a) PL and (b) PLE spectra for annealed DWELL QDIP samples. PL, for
.
the as-grown sample shifts from 1.024eV (dark yellow) to 1.148eV (black) and
1.177eV (orange) for 2min and 4 min respectively.

Arrows in the PLE spectra

indicate the position of the peak corresponding to the QW state. PLE spectra shown
were subtracted from the PL detection energy.

The PLE spectra (Fig 5.1.4 (b)) allow the determination of the relative interband
energies of the ground state and excited states in the QD and to measure how these
change upon annealing. The peaks corresponding to the first excited state and QW
data
This
indicated
for
the
samples.
can be used in
as-grown and annealed
state are
conjunction with the intraband photocurrent data to estimate the relative change of
the conduction band to valence band ratio, for different annealing times at least as
far as the EI-->EQWtransition is concerned. The energy of EQWwith respect to the
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ground state shifts from 306meV (as-grown) to 183meV (2 minute RTA) and
158meV (4 minute RTA)

Prior to subtracting the PLE excitation energies from the PL detection energy, it is
evident that the interband energy gap between the electron and hole states confined
in the QW does not change as significantly as the ground state emission energy of
the QD. as shown below in Fig. 5.1.5.

as-grown
2min 800°C RTA
4min 800°C RTA

(',

QW state

C
0
tß
.U
X
W

i s`excited state
\\

J
0

77K
1.1

Fig, 5.1.5.

1.2

1.4
1.3
Energy (eV)

1.5

PLE spectra for as-grown (dark yellow), 2mink800°C

(black) and

4min@800°C (orange), showing how the quantization energy of the OW state is not

as affected by intermixing as the energy of the statesin QD.

It is thus possible to deduce that annealing mainly effects the QD, and to a lesser
extent the QW.

A comparison of the QW state energy in the PLE spectra with the

intraband photocurrent peaks which correspond to the transitions in the CB. enables
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the derivation of the shift of the hole energiesupon annealing.The hole quantisation
from
down
69meV,
51meV
from
153meV
for
to
EQW
to
as-grown to
energies
shift
2min and 4 min of RTA respectively.

Accordingly, the CB contribution to the

interband transitions increases with annealing time, from -50% to -62% up to
below
The
the
table
aboveresults:
summarises
-68%.

Table 5.1. Effects of different annealing times on detector characteristics. The PLE
in
Fig.
5.1.4(b)
indicated
OW
the
to
state are
peak values corresponding

Annealing time (min)
0

2

4

153

114

107

1.024

1.148

1.177

QW state (meV)

306

183

158

EQWhole energy (meV)

153

69

51

Intraband Photocurrent(meV),
(EQWelectron energy)
PL (eV) peak
PLE peak corresponding to

The peak responsivity of the devices was measuredusing a calibrated black body
For
frequency
the
1005K
as-grown sample
of
modulation
sourceat
with a
-230Hz.
illustrated
in
77K)
density
is
low
(4.7mA/cm2@-2.7V
dark
the
and
current
where
Fig.5.1.6 (b), the responsivity can be measuredup to +/-3.8V, with values of '-3A/W
(a).
in
5.1.6
Fig.
77K,
at
as shown
However, once the detector is annealed for 2 minutes the dark current density
increasesby more than one order of magnitude (---40xhigher) as shown if Fig.5.1.6
(b), to 0.2A/cm2@-2.7V and 77K, limiting the detector operating voltage to a range
of +/- 2.7V.
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Fig. 5.1.6. (a) Peak responsivity and (b) Dark current density at normal incidence
measured at 77K

for

DWELL

QDIPs;

asgrown

(dark

yellow

triangles),

2min@800°C (black squares) and 4min@800°C (orange open circles).

A further twofold increase of the dark current density occurs for 4 minutes of
annealing (0.42A/cm2@-2.7V and 77K). The activation energies for these devices
from
derived
temperature dependent dark current measurements [7]. We find
were
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a reduction of - 50meV of the activation energy between the as-grown and 4 min
annealedsamples,which is comparableto the photocurrent peak shift of -46meV.
The agreementof theseresults indicatesthat the dark current increaseis mainly due
to the reduced confinement of the ground statewith respectto the GaAs band edge
rather than the introduction of additional defects.

An increase of the responsivity can be observed for the annealed samples(black
squaresand orange open circles) in Fig.5.1.6 (a), comparedto the as-grown sample
(dark yellow triangles). In addition, a stronger bias dependenceof the responsivity
is observedfor the annealedsamples. Both effects indicate an increasein tunneling
have
from
final
Intermixing
QW
the
can
an effect
probability
stateupon annealing.
final
in
QW
QD
the
the
the
on
as well as
confinement potential, resulting a shift of
band
GaAs
higher
(closer
to
to
the
edge), albeit at a
photocurrent state a
energy
lower rate than the QD ground state shift (from Fig.5.1.5, -6meV shift from asgrown to 4min of annealing). This could increase the tunneling probability and
hence yield a higher responsivity. However, an accurateinterpretation of the effect
is difficult, as intermixing could also have an impact on the strain-induced built-in

barrier
[12]
between
QW
field
interface
InGaAs
the
that could
the
the
and
electric
at
also influence the tunneling efficiency.

The peak responsivity at'-2.7V is increasedfrom 0.35A/W for the as-grown sample
to 0.6A/W for the 2min@800C sample. When annealing further to 4min, the
responsivity decreasescompared to the 2min sample, which is more evident for
positive low biases.
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Fig. 5.1.7. Dark current limited detectivity of DWELL QDIPs measured at 77K; asgrown (dark yellow triangles), 2minLa 800°C (black squares) and 4minn800°C
(orange open circles).

In order to better quantify the effects of annealing on the detector performance, the
dark current limited detectivity [8] can be estimated from the responsivity and dark
current densities at 77K.

Observed values of D*=1.1x1OIOcmHzh/2W-1for the as-

grown sample were reduced down to 3x1O9cmHz'12W"1and 2x109cmHzh'2W-t for 2
and 4 minutes of annealing at 800°C, respectively, as shown in Fig. 5.1.7. Similar
magnitudes of reduction in detectivity have been calculated for LWIR
[8.13], as a function
Fig. 5.1.8.

QWIPs

8-12µm
detection
from
as illustrated
of
wavelength

in

This indicates that upon annealing the performance is reduced to

expected levels, due to the weaker confinement potential, and that the introduction
of additional defects that would further deteriorate the performance does not play a
significant role.
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compared to that of calculated QWIPs14

These results are very promising as they reveal the suitability of these devices for
dual band focal plane array (FPA) applications in the LWIR, whereby two different
narrow bands with minimum spectral cross talk [14] can be fabricated on the same
wafer. Also, using a technique whereby depositing a sputtered Si02 cap upon the
wafer surface, it is possible to shift the emission of a wide range of material systems
by -100meV

[15].

This is a useful technique as it results in lower required

temperatures than usually employed by rapid thermal annealing while achieving
significant intermixing.

The potential benefits of such a technique also include the

ability to select the areas that will be intermixed by photo Iithographically patterning
the areas that will be sputtered with Si02 [15], which could facilitate further the
fabrication of large dual-band FPAs [ 14].
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Summary

In summary, the effects of rapid thermal annealing on the spectral characteristics
and performance of DWELL QDIPs have been discussed,as well as the effects on
the intraband absorption spectral behaviour. A shift of the s-p transition below the
phonon energy (26meV) was observed upon 4min of RTA at 800°C compared to an

s-p energy of 42meV for the as-grown structure. Furthermore, the capability of
tuning the detector photocurrent peak across the 8-14µm LWIR atmospheric
W" to
window was demonstrated. A reduction in detectivity from 1.1x101OcmHz1/2
3x109cmHz1/2W-1
has been found to be comparableto the expected reduction of
detectivity for similar QWIPs. The combined result of the achieved-4µm spectral
shift and the very narrow spectrallinewidths, makesthis an appealingtechnique for
fabricating dual-band QDIPs for FPA applications.
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5.2.

Two-photon absorption in DWELL QDIPs

5.2.1.

Introduction

The developmentof emittersin the mid-infrared (MIR) and far infrared (FIR), suchas
quantum cascadelasers,that are capableof pulsed and mode-lockedoperationwith
pulse widths in the order of -ps, have createdthe necessityfor the developmentof fast
and sensitivedetectorsfor monitoring and characterisingshort optical pulsesin these
regions [16,17]. Standardmethodswhere the second-harmonicgeneratedlight in a
non-linear crystal is measuredby a slow linear detector,can be potentially substituted
by non-linear infared photodetectors[18].

Non-resonant two photon (2P) processes have been studied in QWIPs [19], and more
recently optimised structures for 2P absorption were investigated, where energetically
equidistant subbands resulted in resonantly enhanced 2°d-order intrinsic non-linearities
[16]. As a result, high sensitivity 2P detectors of mid-infrared sub-picosecond pulses

have beendemonstrated[17,18,20].
The development of 2P QDIPs would be highly significant as they are capable of true

normal incidenceoperation,have long intermediatestatelifetimes resulting in high 2P
level
have
intrinsic
configuration which makes
absorptionco-efficients and
an
energy
them particularly attractive for operationin the terahertzregion. Non-linear studiesin
non-detectorQD structureshave demonstratedsecondharmonic generationwith very
high nonlinear susceptibilities [21].

However no studies of non-linear optical

processeshaveyet beenreportedfor QDIPs.

186

P. Aivaliotis

5. Novel directions in quantum dot infrared photodetectors

Two photon normal incidence detection of FIR picosecond pulses using DWELL
QDIPs are presented in this section along with a quadratic increase of the photocurrent
with the incident power for bias range of 0.2V-0.8V. For higher applied bias (1.2V)
this behaviour changes to linear, as the escapeprobability increases and the one photon
(1P) photocurrent overcomes the 2P process. Finally, second-order autocorrelation

measurementsof short FIR pulses of -'3ps at ?- 26.5µm were performed. The
DWELL

sample is structure vn189, the growth of which is described in detail in

chapter3.1.

Measurements were performed using the Dutch free electron laser FELIX in
Nieuwegein. The output of FELIX consists of a train of macropulsesof -41is in
length running at a repetition rate of 5 or 10 Hz. In our case each macropulse is
madeup of 100 micropulseswith a pulse-width of 3-4ps, a repetition rate of 25MHz
and a pulse separationof 40 ns. FELIX was continuously tuned from 18 to 35µm,
and detectedby our QDIP, cooled to 5K

5.2.2.2P

Photocurrent

spectral and power dependence

Fig.5.2.1 showsthe photocurrentat +1V measuredusing FTIR spectroscopy,where 1P
transitions dominate and the possible DWELL conduction band transitions are
indicated in the inset of Fig.5.2.1. The observed photocurrent arises due to
E1-+EQW(peaked at -101im) or to EI-Econt (peaked at -6µm) as discussed in
chapter3.
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T= 5K

cn

E

E,->EQw

EQW

GaAs

E1->Econt

InAs QD

468

10 12
Wavelength(µm)

14

Fig.5.2.1. One photon photocurrent measuredby FTIR spectroscopyat 0.8V and
5K.

Inset shows a conduction band diagram with the relevant transitions in

DWELL QDIPs; the Ei=EQ

transition is indicated by the solid arrow. peaked at

10gm, and the E1->Ernnttransition is indicated by the dashed arrow, peaked at
6µm

To investigate the spectral dependenceof 2P transitions, the output of FELIX was
used.Fig.5.2.2 displaysthe photocurrentspectraat 5K measuredby tuning the FELIX
wavelength from 18-35µm, showing a photocurrent peak at X-.26.5µm (47 meV). This

(s)
first
E1
dot
to
to
the
excited (p) state
energy correspondsclosely
ground state
transition energy (sp) observed in previous absorption studies [22,23] and IP
photocurrent studies of DWELL QDIPs [11] (also in chapter 3.1), thus strongly
indicating the photocurrent is associatedwith the s-p transition within the dots.
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Fig.5.2.2. Two photon (2P) photocurrent spectra at 5K for DWELL QDIP
illuminated with -95kW/cm2 peak power at normal incidence. The dips in the
spectrumare due to atmosphericabsoprtionin this spectralregion. Inset shows the
possible2P processinvolving intermediatep-states.

As described below, power dependent measurements show that under these
conditions a 2P electrontransition can be excited involving the s-stateof the QD, the
intermediatep- statein the QD and statesin the QW (shown schematicallyin the inset
of Fig.5.2.2).

By investigating the dependenceof the photocurrent on incident power for different
bias conditions, exciting with the FELIX output at ?,= 26.5µm (resonantwith the sp transition) it is possible to determinewhether a 1P or 2P processis involved. For
these measurementsthe QDIP was connected to a current preamplifier and the
output signal was measuredusing an oscilloscope.
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Fig. 5.2.3 shows the photocurrent dependence on peak power density P for 0.2V.
0.5V, 0.8V and 1.2V, at T= 5K. For 0.2V up to 0.8V, a quadratic dependence of P
was observed in the range of 10kW/cm2 to 400kW/cm2, showing that 2P processes
dominate.
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Fig. 5.2.3. Photocurrent power dependence at 5K for 0.2V (black closed squares)
0.5V (red triangles), 0.8V (dark yellow circles) and 1.2V (blue open squares). The
dependence is quadratic from -10kW/cm2

up to -400kW/cm2,

after which it

saturates

An overall increaseof the photocurrent magnitude is observedwhen increasingthe
bias due to the increased escape probability from the final photocurrent state. When
the applied bias is increased to 1.2V, the dependence becomes more linear (over the
range from IOkW/cm2 to 400kW/cm2 ); indicating that tunnelling directly from the
p-state becomes significant

and therefore IP processes give rise to the photocurrent.
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From Fig. 5.2.3 it can also be seenthat a gradual decreaseof the quadratic behaviour
occurs with increasing peak power density. A further increase in P leads to
saturation of the photocurrent at approximately 4MW/cm2, which could be
attributed to space charge saturation [20], absorption saturation [24], or contact
effects [25].

It should be noted that when calculating the peak and averagepower densities,an
estimate of how much of the power is incident on structure is made. This estimate
is basedon measuringthe signal on a pyroelectric detectorbefore and after a 600µm
pinhole. The reduction of the signal after the pinhole can give an estimateof how
detector
incident
the
laser
is
the
the
of
much of
active area
on
pulse effectively
(400µm diameter), for a Gaussianpulse. The transmissionof the cryostat windows
(0.49) and the refractive index of GaAs (-0.3) are also taken into account.

The 2P absorption coefficient ß can be extracted via the 2P photocurrent density
(Fig.5.2.3),j2p, by [17]:

AP

eýhveg Pave

(5.1)

Where L is the thickness of the active region, which for a5 layer structure is L=
40nm and Pie is the averagepower density. The factorfe is related to the angle of
incidence and is equal to unity for normal incidence. Under the assumptionthat the
be
ß
is
is
from
(5.1),
[26],
to
gain near unity
estimated
-1x107 cm/GW, close to the
values reported for resonant2P QWIPs [17,20], and is 6 orders of magnitude higher
than for bulk materials such as GaAs or Si.
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It is therefore clear that even for unoptimised DWELL QDIP structures such as
those studied here large values ofß are possible. Growth of DWELL QDIP samples
in which the s-p and E1-4EQWtransitions are resonantwould result in approximately
one order of magnitude larger values of /j. It was shown in previous chaptershow
the energy level configuration in DWELL can be controlled by varying either the
well width or number of InAs monolayersdepositedduring QD growth. In addition,
as discussedin the previous section,intermixing studiesshow that transition energies
can be fine-tunedusing post-growthrapid thermalannealing.

Also, as demonstratedin previous studies and shown in chapter 3.3, the E1-ºEQW
energy can be varied in DWELL structuresvia the Stark effect [27], whilst the s-p
energy should be far less sensitive to applied bias, providing a further method for
tuning the relative energylevel separationsandhencethe 2P absorptionco-efficient.

A power dependenceof the photocurrent was also carried out at 80K to study the
effect of temperatureon the two photon process. Fig.5.2.4 shows the behaviour at
higher temperatures at 0.8V plotted along with the 0.8V photocurrent at IOK (from
Fig. 5.2.3). At 80K the bias dependence becomes linear with power, with the linear

regime attributed to thermal population of the intermediate state [18] and
subsequentenhancedescapeprobability via a 1P channel.
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Fig. 5.2.4. Photocurrent power dependence at 10K (dark yellow circles)

and 80K

(black closed squares) for 0.8V. At high temperatures the dependence is linear for
all of the bias range.

As part of these studies I also investigated additional

samples with

a 111

photocurrentpeak (i. e. energy of final state)of 160meV. For thesesamplesthe final
state energy is far from twice the s-p transition energy (-50 meV), and no quadratic
photocurrent behaviour was observed.

5.2.3.

Autocorrelation

measurements

The time evolution of the 2P photocurrent signal was analysed using second-order
autocorrelation

measurements.

As discussed in chapter 2.5, autocorrelation

measurements can provide information on the relaxation times of the intermediate
state.

The FELIX

output was split into two identical pulse trains and the 2P
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photocurrent measured with the DWELL QDIP sample as a function of delay time
between the two pulse trains as shown in the inset of Fig. 5.2.5. At zero delay an
autocorrelation peak with a ratio of -3: 1 with respect to the signal away from zero
delay is observed (the 1P signal). as shown in Fig. 5.2.5.

This ratio is close to that

expected for a 2P process [ 16,17,28].
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Fig. 5.2.5. Autocorrelation trace of DWELL QDIP at -95kW/cm2 and 0.8V at the
peak of the spectrum (--26.5µm) measured at normal incidence (red line).

A bi-

exponential fit (black line), yields a Tc = 3ps and T, = 40ps. Inset shows a schematic
of the experimental set-uff

There is some evidence of interference symmetrically away from zero delay at
-18ps.

This could be a result of reflections from the back of the sample (as it is a

normal incidence measurement).
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Following the approachof Nessler et al [29], the autocorrelationmeasurementsare
numerically fitted and information is extracted about the carrier lifetime of the
intermediate state.

This is done via the following expression for an ideal

autocorrelationtrace(S;deaj(z)):

In

Sideal(Tý=1+2"exp(-4"

2"

(r/6)Z)

(5.2)

where, a is the FWHM of the electrical field envelopeof a single pulse (in this case
is
(5.2)
A
term
the
used along with a symmetric
of
second
convolution of
-3ps).
function describing the exponential decay of a population from the intermediate
state:

f(t)=exp(-Itl/7

)

(5.3)

The data can then be fitted according to (5.2) and (5.3), and information can be
is
T1.
This
intermediate
lifetime
the
the
extractedabout
solved again
state
of
carrier
for another longer time constant Tiongand the two numerical calculations fit the bifit
decay
bi-exponential
decay
A
the
trace.
of the autocorrelation
exponential
of
trace yields a short time (TS)and a longer time constant (TL) with times of TS-.3ps
and a TL -40ps. TL is associatedwith the lifetime of the p-like intermediate state,
which has been extensively studied [21,22] using pump-probespectroscopyyielding
typical times between-30 and 60ps, dependingon the energy of the s-p transition.

The origin of TS is not well understood,but can be explained, considering recent
observations of the effects of acoustic phonon sidebands (APSs) in the QD
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absorption spectrum [30,31]. The single QD absorption spectrum typically consists
of a zero phonon line (ZPL) which is significantly broadenedby APSs, a schematic
of which is shown Fig.5.2.6. This was originally observedfor QD excitons [30] and
also in s-p absorption spectra using four-wave mixing spectroscopy [31]. The
presence of acoustic phonon sidebands in an inhomogeneously broadened QD
ensemblecan result in resonant2P absorption involving ZPL, as well as APS. The
characteristic time in autocorrelationmeasurementsin the latter caseis determined
by a very short (-ps) decoherencetime due to emission of coherent acoustic
phonons.

ZPL
cö
O
ä
O
U)
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O
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024

-2
s -p energy detuning (meV)

Fig. 5.2.6. Schematic of the single dot intraband absorption line composed of the
zero phonon line (ZPL) and acousticphonon sidebands

Although the absorption of APSs is much smaller comparedto ZPL, the number of
dots for which the resonant2P absorptionvia APSs is possible will be significantly
larger than the number of QDs with 2P absorption via ZPL due to the relatively
large -2meV broadening of the absorption line. However, in order to explain the
origin of Ts more explicitly, further detailed studieswill have to be performed.
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Summary

In summary, the two-photon normal incidence detection of FIR ultrashort optical
pulses using DWELL

QDIPs was presented. A quadratic increase of the

photocurrent was observed with incident power tuned into resonance with the
ground-first excited state transition in the quantum dots. This dependencechanged
to linear with either high applied bias or elevated temperature,the former being
attributed to a field assistedincrease of the electron escapeprobability from the
intermediate state, and the latter due to a thermally assisted escape from the
intermediate state.

Second order autocorrelation measurementswere used to

determine the dynamics of the photodetector.

The results in this section

demonstratedthe potential of normal incident non-linear DWELL QDIPs for the
characterisationof few picosecondfar-infrared laser pulses and provide insight into
the relaxation dynamics in thesedevices.
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5.3.

Photovoltaic quantumdot infrared photodetectors

5.3.1.

Introduction

Another class of infrared detectors,briefly mentioned in the introduction chapter 1,
are photovoltaic (PV) detectors. The advantage of PV over photoconductive
detectors (PC) is the elimination of the dark current, which removes generationrecombination noise at zero applied fields [8]. This results in a better theoretical
upper limit for detector signal to noise ratio, as well as simplification in biasing, and
providing a more accurateprediction of the responsivity [32]. In principle, all the
materials used to make PC detectorscan be usedto make PV detectorsand there are
many examples of Si, HgCdTe and InSb PV detectors, and more recently PV
QWIPs and QDIPs [8,33-37], which are the subjectmatter of this section.
PV intraband detectors are basedon an in-built inversion asymmetry to provide an
effective electric field, thus eradicating the need for an external applied voltage.
Although the dark current is reducedto zero, the PV approachalso results in a much
smaller gain, affecting the photocurrent of the device compared to equivalent PC
detectors. This leads to PV detectorshaving comparableachievable detectivities to
PC detectors. It has been demonstratedfor QWIPs that optimised PV structurescan
achieve similar detectivity values as previously optimised PC QWIPs [8].
Therefore, although PC detectors are better for applications requiring high
responsivities, PV detectors can be used when the integration time of an FPA is
limited by the storagecapacity of the read out circuit (ROIC) [8], which is often the
casein large 2D arrays where the ROIC size is limited by the FPA pitch.
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Previous reports on PV QWIPs have demonstrated the photovoltaic effect using
a
variety

of designs.

Kastalsky

detection
in an n-type
PV
al,
et
observed

GaAs/AIGaAs superlattice with a built-in graded AIGaAs barrier [3], and Goosen et
al showed how it is possible to achieve PV detection by introducing a twodimensional electron gas produced by modulation doping in the AlGaAs spacer
[34].

Schneider et al also reported a PV QWIP based on asymmetrically doped

double-barrier QW [35]. There have also been reports on PV operation in QDIPs, as
a result of the intrinsic inversion asymmetry of the band structure of the selfassembled dots [36].

More recently, Hwang et al reported PV QDIP operation

which was due to the segregation of Si atoms in the QDs and to the shape of the
dots, but also enhanced by an AIGaAs single sided barrier [37].

Also QWIP

detectors based on a quantum cascade configuration have shown promising results
for PV operation [38,39], but have certain shortcomings, such as current leakage
from resonant miniband states. The absence of the dark current could also lead to
high temperature uncooled detectors and reports of PV QWIPs have recently shown
near RT operation for the near-IR [40] as well as the LWIR [41 ].

Probably the most interesting design that has been recently demonstrated for
QWIPs, was basedon a `four-zone scheme' by Schneideret al [41,42]. This design
provides an enhancementof the asymmetry as well as considering very thoroughly
the tunnelling and capture probability, with respectto the thickness of the barriers
and their position. One important parameterin designing an intraband PV detector
is ensuring the direction of the current flow, or in other words the direction of the
in-built electric field. This design is believed to achieve this efficiently and for that
reasonthe designs proposed herein follow from the sameprinciples, although they
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have significant differences. The proposeddesign in this chapter has the advantage
of the sensitivity to normal incidence, a high RoA (the product of differential
resistanceand detector area) and narrow linewidth photoresponse,which make it a
very promising techniquetowards the fabrication of PV DWELL QDIPs.

In this section the design and operationof two PV QDIP designsare presentedwith
responsivities in the range of 0.2mA/W at 77K, and RoA products of -106S2cm2,
1
detectivities
yielding
of 1O'°cmHz'nW at 77K and 7µm. Prior to the growth of
thesestructures,significant simulation work was carried out, by a model solving the
transfer matrix Schroedinger equation for the wavefunctions of the energy states

involved. Although this has been shown not be precise for the 3D QD system it is
quite accurate for the 2D QW case and hence was mainly used to optimise the
superlattice(SL) design discussedbelow.

The principle of operation of thesetwo devices is basedon an inversion asymmetry
introduced by a combination of (a) an asymmetric GaAs/A1yGa1_yAs
superlattice,(b)
As QW (for the first design) and (c) and an InAs/InGaAs DWELL region
an InXGa1.,,
separatedfrom (b) by a thin AlAs barrier. The in-built strain induced electric field
which was discussedpreviously is not consideredin the simulations, but could well
be contributing to the effect. A discussion of the dynamics of the predicted, and
experimentally observed detector operation are discussedin the individual sections
for eachof the designsthat follow.
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Design approach 1- using a superlattice and adjacent InGaAs
quantum well

Table. 5.3.1 Growth details of PV ODIP including GaAs/AIGaAs superlattice and

InGaAs capture zone.
Repeats

1
1
7
7
7
7
7
7
7
7

Thickness (A)

material

x

4000 GaAs
400 GaAs
50 InxGa(1-x)As
5 GaAs
18 AlAs
70 InxGa(1-x)As
7 InAs (2.55 ML)
10 InxGa(I -x)As
5 GaAs
3 Si-delta doping lx the

type

Nonc(cm-3)

Si

n

2X10+18

Si

n

1 to 2 e/dot

Si

n

2X10+18

0.1
I
0.05
0.05

dot density

7
7

5 GaAs
20 AIGaAs

0.2

7
7

100 GaAs
20 AIGaAs

0.2

7

130 GaAs

7

dopant

20 AIGaAs

7
200 GaAs
1
4000 GaAs
I SI-GaAs Substrate

0.2

The above table shows the layer structure for the first design. The QDIP device
structure incorporated a bottom contact layer of 4000A n+ Si doped GaAs, an
doped
final
4000Ä
Si
layer
7
n+
undoped
containing periods of active region, and a
GaAs contact layer. The active region is Si 5-dopedin the GaAs barrier layers, to a
dot.
1
to
concentrationof 6x1010cm"2
electron
per
corresponding approximately
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Using in-house software previously describedin chapter 3 and used frequently for
simulation of QW structures (e.g. QCLs), the conduction band of the above
structure was calculated. The first simulation is illustrated in Fig. 5.3.2. Fig-5.3.1
on the other hand shows a simple schematicillustrating the processesthat occur in
the conduction band. Arrows indicate the direction of the electron flow.

AlAs barrier

AlAs barrier

DWELL

SL
A

exciý,
zone

capture
region
bottom
contact """"'

1iý......
top

drift zone

1r

contact

u
5432154

Growth direction

Fie.5.3.I. Schematic of the five-zone schemefor PV QDIP detector (not-in-scale),
excitation zone. (2) GaAs/AlGaAs superlattice (3) drift zone, (4capture

zone,

C5)tunnellin zone

With radiation incident on the detector, electrons will be photoexcited from the
ground state of the QD to the state which is quasi-confined by the AlAs and first
AIGaAs barriers (hereby referred to as DWELL state). The electrons should then
tunnel through the first AlGaAs barrier of the SL in zone 2. Tunnelling in this
direction is favourable becausethe state in the first QW of the SL is close to the
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is
impeded
flow
because
the
state and also
electron

along the growth direction by the AlAs thin layer which make it more probable for
electrons to flow in the direction opposite to the growth direction. The tunnelling of
electrons from the DWELL state through the AlGaAs barrier should in principle be
faster (-. lps) [43] than the time it takes for them to relax back to the ground state
(-5ps

3.1).
see
chapter
-

The consecutive AlGaAs barriers are designed to have equal composition and
width, but are designedwith an increasing spacing (opposite the growth direction)
as to introduce a built-in potential to assistthe tunnelling in the required direction.
This is consideredto be a better approachthan introducing a compositionally graded
AlGaAs barrier, as the tunnelling should be more efficient, and a digital grading
generally involves less complicated growth conditions. The electron then passes
through a drift zone of thickness of about 20nm of GaAs, before relaxing into the
InGaAs QW capture zone. If the state to which the electron relaxes in the well is
slightly above resonancewith the QD ground state, then the electron should tunnel
efficiently through the AlAs barrier to the next layer of dots. For this to occur the
thickness of the AlAs barrier has to be calculated relating to the desired tunnelling
efficiency and this can be done by estimating the tunnelling times for AlAs barriers
[43]. However in this casethe
is
situation slightly more complicated as the carriers
will have to tunnel through a thin GaAs layer and the InGaAs capping layer.

The QW was designed such that it had only one `ground' state to avoid transitions
within the well which could result in loss of oscillator strength. The design of the
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well however was based on a trade off between having a high indium composition,
to tailor an energy level near the adjacent QD ground state. and not introducing
more than one confined state in the well for the reasons mentioned above. Also the
increased indium composition would increase the strain in the structure and may
lead to defect formation.

However as reported [42]. the energy of the QW state

needs to be close to the energy of the adjacent QD state, and although for the current
structure presented below this was somewhat understated, future attempts could in
principle attempt a higher In composition in the adjacent well to lower the energy of
QW state closer to the QD state, and investigate the effects this would have on
performance.

1800
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1000
10-

Growth direction (A)
Fig. 5.3.2. Simulation of the design described in table. 5.3.1. The calculated squared
wavefunctions of the energy levels involved are shown.
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The calculation for the first design is illustrated above in Fig.5.3.2. The model uses
an effective massapproximation to solve the Schroedingerequation and is the same
that was used for preliminary calculations in chapter 3.3. The InAs QDs are
simulated using a narrow InGaAs well.

Although this is not very precise for

modelling the QD wavefunction, the model is mainly used to estimate the
appropriate distance between the AlGaAs barriers and the barrier height and width
for effective tunnelling through the SL. Also it helps in investigating the maximum

indium composition for the capture zone QW before introducing undesiredbound
statesthat the electron relaxing into the well could be re-excited to.

The InGaAs

QW in the DWELL excitation zone has been grown with a smaller indium
composition (x=0.05) to ensurethat there are no statesresonant with the adjacent
InGaAs QW in the capture region, which would lead to possible direct tunnelling of
carriers before they could tunnel back to the QD ground state.

Another critical issue concerning this design is the position of the doping. The
grown devices discussed below were Si-doped in the GaAs layer just before the
deposition of the InGaAs well in the excitation zone.

Further studies could be

performed to vary the position of the doping and investigate the effects on the
photovoltaic operation of this design. However, it was decided that since the
growth capability at the time allowed only for two designs to be grown, an
investigation of the doping position would be experimentally realised at a later date.

It is clear from the above discussion that this design is of high complexity.
However preliminary simulations showed that other variations of the design (e.g.
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with InAs/GaAs in the excitation zone, or more and less AIGaAs barriers), would be
less effective overall, so the presented design was used.
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Fig. 5.3.3. Measured Normal incidence photoresponse of PV SL QDIP at IOK
(black), 50K (red) and LOOK (green). Inset shows the peak responsivity of the
device at 77K.

Fig. 5.3.3 shows the normal incidence spectral results of the first design at three
different temperatures. Although it has been mentioned that these devices have a
stronger p-polarised photoresponse, as discussed in chapter 3, the normal incidence
response is still quite clear. A peak feature attributed to the EI_EQW transition is
observed up to 100K without the application of an external electric field.

A high

energy shoulder is observed. attributed to transitions to the continuum of states.
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similar to that observed for photoconductive QDIPs presented in this thesis. This
indicates that the confinement
does
become
higher
not
states
of
energy continuum
enhanced with the incorporation of the AlAs and AIGaAs barriers, and hence
transitions

from

these states do not contribute

significantly

to the spectral

photoresponse.

Responsivity measurementswere performed on this device and an asymmetric
dependencewith bias was observed, since for forward biasing the AlAs layers
provide a significant barrier to the photocurrent. In the inset of Fig-5.3.3, one can
observea plateau region at zero bias at low but still measurablevalues of 0.2mA/W,
similar to the observedresponseof PV QWIPs [42]. Theselow values are expected
in the absence of photoconductive gain.

With applied bias the responsivity

increases,but is still at quite low values, relative to the photoconductive QDIPs
presented in the previous chapters. This decrease in responsivity values is
associated with the AlGaAs and AlAs barriers suppressingthe photogenerated
carriers, indicating that the designrequiresfurther optimising.

Also it is believed that the doping concentration was low for the PV design.
Usually in the photoconductorcasethe structuresare lightly doped, to limit the dark
current and avoid occupation of higher energy statesin the QD. However in this
casethe absenceof the dark current should allow increaseddoping concentrations,
to optimise the signal responseof the detector.
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Dark current IV curve (black line) and RoA product at 77K of the PV

QDIP with a InGaAs capture zone, Ro being the differential resistance of the device

its
A
and
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The dark current under bias was measured for this device, as well as the differential
in
5.3.4.
Fig.
detector,
the
shown
resistance of

The differential

resistance was

illumination.
body
black
device
by
IV
the
under
of
calculated
measuring an
RoA product was then deduced by multiplying

The

the differential resistance with the

area of the device (diameter: 400µm).
From the values for responsivity (Fig. 5.3.3. inset) and RoA (Fig. 5.3.4) one can
[38,39].
detector
detectivity
PV
the
the
equation
the
using
estimate
of

D* = R(2)

/_R0A
,T

(5.3)

Where, RoA = 4.63x106S2cm2at OV (Fig. 5.3.7), R(? ) -0.2mA/W

at 77K, and kB is

the Boltzmann constant = 1.3806503 x 10-23 m2 kg s-2 K-1.

This results in a
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1 at 77K and 0V, which is in a good range
detectivity of D* = 6.6x109cmHz'12W
comparedto values of -1010 cmHz'nW"' for PV QWIPs, especially as this is a nonoptimised structure. The maximum detectivity for this device was calculatedfrom
the peak responsivity and the dark current and was -1x101°cmHz1nW'1at -0.5V and
77K. Also these values of responsivity and detectivity, as well as the maximum
operating temperatures, are superior to previously reported PV QDIP detectors
[36,37].

5.3.3.

Design approach 2- without adjacent quantum well

Table 5.3.2 Growth details of PV SL QDIP without InGaAs capturezone.
Repeats Thickness
(A)
1
1

material

7
7
7
7

4000
400
18
70
7
10

GaAs
GaAs
AlAs
InxGa(1-x)As
InAs (2.55 ML)
InxGa(1-x)As

7

5

GaAs

3

Si-delta doping lx the
dot density
GaAs
AIGaAs
GaAs
AIGaAs

7
5
7
7
20
7
100
7
20
7
130 GaAs
7
20 AIGaAs
7
200 GaAs
1
4000 GaAs
1 SI-GaAs Substrate

x

dopant

type

N concentration
(cm-3)

Si'

n

2X10+18

Si

n

1 to 2e /dot

Si

n

2x10+18

1
0.05
0.05

0.2
0.2
0.2

A second design was considered, very similar to the previous one, but with the
absenceof an InGaAs QW in the capture zone. Therefore in this design the drift
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zone and the capture zone are combined. This device was grown to see the extent of
the effect of the capture zone on the device operation. The structure was grown as
shown above in Table 5.3.2.

As the purpose of this structure was to elucidate the effects of the absence of the
capture zone and its role in the overall design, independent simulation work to
optimise

this design separately was not carried out.

Fig. 5.3.8 shows the

photoresponse of the PV QDIP without an InGaAs capture zone.

A signal of

similar intensity is observed at zero applied field at 10K at a slightly longer
wavelength of 7.5µm. The responsivity of the device was similar to the previous
design for negative biases, but showed a less asymmetric dependence on bias.
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Fig. 5.3.5. Spectral response of PV QDIP without

InGaAs capture zone at

I OK(black) and I OOK(red). Inset shows the 77K peak responsivity of the device
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Of note is the spectral shift of the photoresponsewhen the temperatureis increased
at 100K. This could be due to thermal ionisation from small to large dots with
increasingtemperature. Such a processwould result to a reduction in linewidth as is
observed here (26 meV to 19meV for 10K and lOOK respectively). Also the
possible redistribution of carriers at higher temperatureswithin the structure(i. e. not
all carriers being in the QDs), could create local electric fields, which would affect
the transition energy and causea shift of the photocurrentto higher energy.

Also, for this design, the responsivity is suppressedto a lesser extent for forward
bias. This indicates that the presenceof the adjacent QW in the previous design
could make the recapture of carriers in the QD through the QW probable, rather
than allowing them to tunnel through to the next period. Such a processwould be
opposite to the photocurrent direction under the positive applied bias, and hence

be
further
However,
the
studies would
required to
could compromise
response.
determinethe above effects unambiguously.

From these results it is hard to deducewhether the capture zone is essential,as we
do not see evidence of more effective tunnelling in the initial design. However,
further investigation and calculation is required to grow more devices with varying
designs to fully understand the transport processesin this significantly complex
structure.

211

P. Aivuliotis

5. Novel directions in quantum dot in rared photodetectors

10-1

PV without InGaAs capture zone
106

Q 10-3
105 x
O

10-5

D
104

10-7

n

103

10-9
77K
10"_4
-3

-2

-1

0123

4102

Applied bias (V)
Fig. 5.3.6. Dark current IV curve (black line) and RoA product at 77K of the PV
QDIP without an InGaAs capture zone, Ro being the differential resistance of the
device and A its area.

Nonetheless,the dark current and RoA product for this design were measuredat
77K and from these (as above) the detectivity of the detector can be deduced from
eq.5.3.

A value of D* = 3.9x109cmHz112W-1at 77K and 7.5µm and 0V. showing a

twofold

decrease compared to the previous sample are observed. whereas the

maximum

detectivity

for this sample is observed at -0.55V with

valucs of'

8x109cmHz1/2W-1at 77K.

212

P. Aivaliotis

5.3.4.

5. Novel directions in quantum dot infrared photodetectors

Summary

These results show how PV QDIPs are most definitely a promising technique
towards the use of QDIPs at higher temperatures, in applications requiring low
background noise and where the low signal intensities are not of critical importance,
such as FPAs with fast integration times. Nonetheless there needs to be further

optimisation of the design regardingthe following parameters:

Tailoring of the capture region QW state to be closer to resonancewith the QD
ground statefor efficient tunnelling to occur
Thickness of the AlAs barrier for samereasonas above
Doping position
Doping concentration

Excitation region design variation to achieve longer wavelengths (also
achievableby rapid thermal annealing)

213

A ANaliotis

5.4.

S Novel directions in quantumdot infrared photodetectors

Discussion

In this chapter,new directions in QDIP researchat Sheffield were presented. It was
shown how QDIPs can be designedor manipulatedto suit various new, as well as
existing applications. The capability to tune the spectralphotoresponseof DWELL
QDIPs across the 8-12µm LWIR atmosphericwindow by rapid thermal annealing
was demonstrated,as well as the potential of shifting the far infrared s-p transitions
below the phonon energy (<35meV). This could enable the operation of detectors
in the terahertzregion were there is a limited availability of imaging detectors. This
would expand the applications for QDIPs, especiallyas there is a growing interest in
the use of terahertz emitters for a range of applications including medical imaging
(providing good contrast for different types of tissue-usefulfor types of skin cancer
and other diseases) as well detection of explosives, prohibited substancesand
concealedobjects.

Another way of producing a fast, sensitive detector operating in the FIR was
presented in this chapter. This involved utilising the p-like QD states as intermediate
states between the QD ground state and the final photocurrent state in DWELLs, in
order to induce two-photon detection. It was shown how the photocurrent of such a

detector had a quadratic dependence on incident power when the incident
wavelength matched that of the s-p state separation. Using two-photon detection,
the device was successfully used to perform autocorrelation measurementsusing a
free electron laser. This detector was not designeda priori for resonanttwo-photon
absorption (i. e. the p-state energy was not half way betweenthe the QD ground state
and the QW final state). Nonethelessthe results indicated a very high absorption
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coefficient compared to bulk GaAs materials, and also was found comparableto
other two-photon QWIPs in the literature. Upon further optimisation, two-photon
DWELL QDIPs can prove a very useful technology for the characterisationof
ultrafast laser pulses in the FIR, from free electron laser sources or mode-locked
QCLs.

Finally, the potential of DWELL QDIPs specifically designed for photovoltaic
operation was presented,whereby two designsattemptedto provide an enhancedinbuild electric field to maximise the current flow in the absenceof external bias.
Photovoltaic mid-IR detectors are highly relevant as they are less prone to one of
the main limitations of photoconductors in the same region which is the dark
current.

As photovoltaic detectors have no dark current they have a higher

theoretical limit for the signal-to-noiseratio (or detectivity). It was shown how it is
possible to design a photovoltaic detector to introduce a significantly enhancedinbuilt electric field that would favour the current flow in one direction towards the
collector (in an n-i-n device). Although the design is still at the first stagesof
optimisation, the basic principles were demonstrated,and upon optimisation of the
doping concentration, as well as several minor alterations to the design, this could
prove a very promising approachto low-noise QDIPs.
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6. Future directions

In this final chapter of this thesis, the issues that could be addressedto improve
DWELL QDIP performance, and the ways with which the already discussed
approachescan be improved are summarised,and future approachesand techniques
that could be implemented to investigatethe properties of QDs and their relevance
to the optical and electrical performanceof QDIPs are discussed.

As discussed in chapter 3.1, DWELL structures benefit from narrow linewidth
strong high energy absorption, with longer relaxation times from high energy states
to the ground state of -5ps compared to -lps for the equivalent relaxations in
QWIPs. This lifetime is highly relevant to QD detectors as it is pertinent to the
different
interesting
be
investigate
DWELL
It
to
structureswith
responsivity. would
dot sizes, and with different well widths, in terms of this lifetime, to see if it could
be maximised. The investigation of relaxation times under applied bias would
elucidate the long decay time which was observed. This is a non-trivial task as
processed devices which can be biased are difficult to measure with ultrafast
spectroscopy due to scattering from the contacts and other practical limitations.
However there are techniques for applying electric fields on unprocessed
semiconductorwafers, such as cryogenic probe stations, which could be used to do
pump-probemeasurementswhile applying lateral or vertical applied fields.
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It has to be said that although various design alterations can improve QDIP
performance, the successful growth of the QDs is the most important factor for the
device's operation. In order to monitor this and investigate the effects of variations
in the growth, structural information using techniques such as planar and cross
sectional

transmission

electron microscopy

(TEM)

and scanning tunnelling

QD
(X-STM),
the
the
microscopy
physical aspects of
would elucidate the relation of
with the observed optical and electrical properties. A good example was discussed
in chapter 3.3, where the observed bias dependent Stark shift increased with the
number of InAs monolayers (NML) deposited during growth. Although the 8 band
k"p method model used to simulate this behaviour provided a good understanding of
the effect, the use of X-STM

on samples with different NML could verify the

interpretation, as well as supply more information on the strain build-up with
increasing In, and the compositional distribution within the dot as well as the
vicinity

of the dot within the InGaAs QW.

A clear understanding of the strain

mechanisms in DWELLs is very important since it affects the offset of the DWELL
conduction band and therefore the electron tunnelling and escape.

Additionally, as discussed in chapter 4, different techniques can be applied to
control and enhancethe performanceof DWELL QDIPs. It was demonstratedhow
the low QD density, which limits the number of absorbing electrons, can be
increased,through the incorporation of a thin layer of antimony prior to QD growth.
In addition a reduction of the dark current was observedwith this techniquepossibly
due to suppresseddefect formation influenced by the GaSb surfactant.
However, the further optimisation of this technique,primarily in terms of the growth
of such structures with uniform size distribution, and the highest attainable dot
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density, is yet to be undertaken.

Also in the case of DWELLs

where the In

composition in the InGaAs QW affects the dot density and size distribution, this
technique becomes more complicated.

It could be possible that for this technique

the optimum In composition in the QW is not the same as it is in conventional
InAs/InGaAs DWELLs.

This is one of the most promising techniques presented in

this thesis.

The optimisation of GaSb containing DWELL QDIPs will definitely be one of the
highly
to
it
is
in
future,
relevant
main areas of research the near
also
as
especially
QD lasers, whose performance is also affected by the low QD density in present
devices. A further addition to this technique would be the attempt to grow ordered
high dot density ensembles [see Infrared Physics & Technology 50 (2007) 162165], which could improve the doping distribution and perhaps even allow the
doping to be positioned in the dot layer.

In terms of the incorporation of AlGaAs barriers for the development of
InAs/GaAs/AlGaAs DWELLs to reduce the detector dark current, it has been
demonstrated to be an efficient enough technique, since it also helps reduce the
strain in the structure allowing the growth of multilayer (>20) structures(since less
or no indium is required). This techniquecan probably produce good detectorsand
some have already been used in FPAs. Nonetheless,using this technique there is
not much room for improvement, and if QDIPs are to be a competitive technology
to QWIPs in any of the applications that they are aimed for, the need to have
orotund advantagesrather than just being equivalent. The use of surfactantssuch as
antimony or the other techniquesdiscussedbelow are certainly more promising and
capable to produce competitive QDIPs.
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Another method towards the production of multi-layer (>20) DWELL detectors,
whilst maintaining the advantagesof an InAs/InGaAs structure,is via the growth of
GaP strain balancing layers.

This was shown to be a promising technique,

especially for detectors for high temperature operation.

This technique also

introduces a current blocking barrier in the conduction band, which decreasesthe
dark current. As discussedin chapter4.3, further growth and design optimisation is
required to adjust the composition of the SC layers as well as their position in the
in
for
This
interesting
structure.
could provide a very
approach strain compensation
QD based devices in general. Again, X-STM and further TEM images could
dots,
InAs
information
has
GaP
the
the
the
that
provide
nucleation of
on
effects
on
as well as the changesin the strain.

The use of rapid thermal annealing capability to tune the spectral photoresponse of
DWELL QDIPs across the 8-141im LWIR atmospheric window was demonstrated,
as well as the potential of shifting the far infrared s-p transitions below the phonon
energy (<35meV).

This could enable the operation of detectors in the terahertz

region were there is a limited availability of detectors.

This would expand the

applications for QDIPs, especially as there is a growing interest in the use of
terahertz emitters for a range of applications including medical imaging or detection
of concealed objects and explosives. Detectors in this region could also prove an
interesting alternative to bolometers for certain applications requiring narrower band
detection.

As discussed in chapter 5.2, another way of producing a sensitive detectors
operating in the FIR makesuse of a p-like QD stateas an intermediate statebetween
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the QD ground state and the final photocurrent state in a DWELL QDIP, in order to
induce two-photon detection. It was shown how the photocurrent of such a detector
had a quadratic dependence on incident power when the incident wavelength
be
detectors
detection,
to
Using
that
two-photon
used
can
the
matched
of
p- state.
characterise ultrafast pulses in the FIR from free electron laser sources or modelocked QCLs. The two-photon QDIP presented in this thesis was not designed to
have equidistant states that would induce resonant two-photon absorption.

Nonetheless, a very high absorption coefficient was derived even for this
unoptimised structure. Future studies could involve the design of optimised
structures with equidistant states.

Furthermore, the p' p+ splitting of the

intermediate state could be taken advantageof, since it would enable the tuning of
the 2P processon and off resonance. In addition a polarisation dependenceof the
two photon absorption could be performed via 45° waveguide geometry to
investigate the polarisation sensitivity of the 2P process, since it involves an
intermediate state that is strongly s-polarised and a final state which is strongly ppolarised.

Other future approaches could include the optimisation of the presented
photovoltaic QDIPs, with higher doping concentrations, and different widths of
barriers in the superlattice.

Overall, I believe that the approaches discussed in this thesis adequately
demonstratethe potential of DWELL QDIPs not only to reach the maturity level of
QWIPs, but also to lead the way into new applications for infrared detectors.
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