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Abstract
In this project we have used Fourier transform infrared spectroscopy to study the photoresponse
of two different types of quantum dot-in-a-well infrared photodetectors (DWELL QDIPs). The
basic task was to compare the photoresponse of these two detectors, and to study the influence of
external resonant laser pumping on the photoresponse. Series of measurements were done at 77K.
In the first measurements we investigated the photoresponse for different applied voltages at 77K.
In a second run of experiments, we used a 1064 nm infrared semiconductor laser to resonantly
pump the fundamental transition of the quantum dots. The results show that by using this
additional illumination the photoresponse was dramatically increased by creating additional
charge carriers in the quantum dots. This could be used to increase the sensitivity of infrared
detectors based on QDs.
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Abbreviations

QD Quantum Dot
QW Quantum Well
QDIP Quantum Dot Infrared Photodetector
QWIP Quantum Well Infrared Photodetector
DWELL Dots-In-A-Well
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FT-IR Fourier Transform Infrared
IR Infrared
W Wavenumber
SNR Signal-to-Noise Ratio
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1 INTRODUCTION

1 INTRODUCTION
Electromagnetic waves are classified according to its wavelength or energy in the
electromagnetic radiation spectrum as shown in the next figure:

Figure 1 Electromagnetic Spectrum

The energy, frequency and the wavelength of an electromagnetic wave are related by the next
expression:

EQ.1.1

The electromagnetic energy with a wavelength in the range between 750 nm and 1mm is known
as infrared radiation and is usually sub-divided into 5 regions: Near-infrared (0.7 µm – 1 µm) ,
Short-wave infrared (1 µm – 3 µm), Mid-wave infrared (3 µm – 5 µm), Long-wave infrared (8
µm -12 µm) and Very-long wave infrared (12 µm – 30 µm). Infrared radiation is invisible to
human eye; it has an energy in the range of the vibration and rotation energy of molecules and it
is emitted from all objects. Applications based on infrared radiation detection include
surveillance, night vision, remote temperature sensing, spectroscopy astronomy and medical
diagnosis. Applications of Mid-wave infrared and Long-wave infrared radiation have been widely
explored because these regions are not affected by water or CO2 absorption in the atmosphere.
Sensors for infrared radiation made of semiconductors, such as extrinsic or intrinsic infrared
photodetectors have been widely used for many years. Recently a new kind of detector has been
proposed based on quantum wells and quantum dots.
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1.1 Goal

The objective of this project is to analyze and compare two different photodetectors based on
quantum dots. For analyzing their response to infrared radiation, Fourier Transform Infrared
Spectroscopy will be used. The photocurrent of these two detectors will be measured for different
applied bias to find out which of the sample shows better photoresponse. Another part of our
project will be investigate how the photocurrent in an infrared quantum-dot-in-a-well
photodetector, can respond an external light source perturbation. External radiation, with specific
wavelength can increase the concentration of electrons in the quantum dots and it could be
possible to increase the photoresponse. The influence of the temperature on the photoresponse
will be also investigated.
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2 BACKGROUND

Sensors for infrared radiation are widely used in many applications such a night vision, thermal
cameras, remote temperature sensing, and medical diagnosis. Today there is a wide variety of
infrared detectors covering each area of application. Infrared sensors can be classified in thermal
detectors and photodetectors, also called quantum detectors.

2.1 Thermal detectors

Thermal detectors operate by converting radiation energy to heat which produces a change in
resistance that can be easily measured. Examples of devices based on this principle include.
bolometers and microbolometers. Heat can also produce a variation in voltage when two
dissimilar metals are put together, an effect referred to as the thermoelectric effect. Devices based
on this principle are thermocouples and thermopiles.
The sensitivity of thermal detectors is independent of the wavelength of the incident radiation,
which is useful to build sensors acting in various zones of the electromagnetic spectrum.
However, most thermal detectors are inefficient and relatively slow because of the time required
for changing their temperature.
2.2 Quantum detectors

Quantum detectors are based on the photoelectric effect. When a semiconductor material absorbs
photons, electronic transitions from low energy levels to higher energy levels are induced which
generate mobile carriers (electrons and holes) and thus an electric current under the influence of
an electric field. The photoelectric process in the material can be external or internal. The external
process produces photo-generated electrons escaping from the material as free electrons. The
internal process produces free carriers inside of the material which leads to a photoconductivity
signal. Furthermore, we can find more sophisticated detectors using nanostructures promising
high sensitivity and low cost of fabrication. In this category we have Quantum well infrared
photodetectors (QWIPs) and quantum dot infrared photodetectors (QDIPs).

4

2 BACKGROUND

2.2.1 Sensors based on the external photoelectric effect

When a photon with high energy impacts with a semiconductor material, an excited electron can
be ejected from the material, this is called photoelectron emission. This energy can be as low as
1.4eV in some semiconductors permitting sensors to operate in near infrared. Common sensors
based on photoelectric emission are phototubes and photomultipliers. Phototubes have a photoemissive cathode which emits electrons when there are incoming photons, where after the
electrons travel to another electrode called anode which is maintained at higher electric potential.
The result is an electric current proportional to the incident photon flux. The photomultiplier is
basically a phototube with more metal or semiconductor surfaces called dynodes used to create a
cascade of electrons resulting in an amplified electric current.

Figure 2.2.1 Phototube.

Sensors based on the photoelectric emission can measure small photon fluxes due to a high
amplification factor of the order of 107. They are also very fast due to the high electric fields used
for their operation. This type of sensors is commonly bulky and too expensive to be used in nonmilitary applications.
2.2.2 Sensors based on the internal photoelectric effect
In sensors based on the internal photoelectric effect, the excited carriers (electrons and holes)
remain in the material. When a photon is absorbed, a free excited electron is generated from the
valence band (in an intrinsic semiconductor) to the conduction band, leaving behind a free hole in
the valence band. In the presence of an external electric field, this process leads to an increased
conductivity (photoconductivity) of the semiconductor. Some photodetectors based on the
internal photoelectric effect comes with internal gain mechanisms in order to amplify the
measured current.
Many modern photodetectors operate in this way because of the high responsivity and sensitivity.
One drawback inherent in this kind of photodetectors is the dark current produced by thermal
excitation. To reduce the dark current it is therefore necessary to cool the detector using thermoelectric cooling or cryogenic liquids.
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Figure 2.2.2 Electron-hole photogeneration in a semiconductor

2.2.3 Quantum well infrared photodetectors (QWIP)
QWIPs are designed to detect infrared or long wavelength radiation. They use multiple layered
structures of materials with different bandgaps called multi-quantum well structures grown by
epitaxy.
A quantum well is a double heterostructure consisting of a thin (≤ 50 nm) semiconductor layer
sandwiched in between semiconductor layers with a larger band gap. One example of a quantum
well is provided by a thin layer of GaAs surrounded by AlGaAs [7]. A schematic layout of a
QWIP sensor based on multiple GaAs/AlGaAs quantum wells is show in the next figure:

Figure 2.2.3 1 Basic Schematic layout of a QWIP sensor

Because the thickness of the quantum well is very small, the energy-momentum relation known
for bulk semiconductors no longer applies. The component of the energy associated with the
growth direction is quantized forming discrete energy states in which electrons and holes are
confined. Figure 2.2.3.2 shows the energy structure of a QWIP without applied voltage. Electrons
in the quantum well remain in the discrete energy levels until they are exited by incoming
photons. When a bias is applied, the excited electrons will be swept away by the electric field
forming a photocurrent signal.
6
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Figure 2.2.3 2 Energy structure of a QWIP sensor

If the photon energy is high enough to excite an electron from a discrete energy state over the
potential barrier, the electron will leave the well and contribute to the photocurrent. When a bias
is applied to a wide quantum well, photocurrent can be generated by photoexcited electrons going
from the ground state energy E1 to the excited energy state E2 followed by quantum mechanical
tunneling through the barrier, or by thermal excitation. In a narrow quantum well, the
photocurrent is generated by direct transition from the ground state energy E1 to the continuum.
This is shown graphically in figure 2.2.3.3.

Figure 2.2.3 3 Photocurrent in a wide well and narrow well under bias

QWIPs comply with the requirements of large array fabrication since the epitaxially-grown
material has high quality and uniformity which make them very competitive to other technologies
[8]. By changing the dimension of the quantum wells (thickness and height), the detection
wavelength window can easily be tuned. The selection rules for optical transitions in quantum
wells state that the incident radiation must be polarized perpendicular to the plane of the wells.
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Since QWIPs are vertical devices, i.e. the photocurrent flows only perpendicular to the plane of
quantum wells, the detected infrared radiation must be polarized perpendicular to the detector. In
commercial devices the infrared radiation therefore has to be coupled into the detector at an angle
of about 45 degrees to increase the absorption coefficient. This drawback, together with a
relatively large dark current, are the principal drawbacks in QWIPs. To reduce the dark current,
the detectors have to be cooled below 77K to operate.

2.2.4 Quantum Dot infrared photodetectors (QDIP)

QDIP’s have been invented to overcome the principal drawbacks of QWIPs .QDIP’s are quite
similar in operation to QWIPs, but instead of a quantum well the QDIPs use a layer of quantum
dots to trap the electrons. The photocurrent in a QDIP is generated by inter-subband transitions
similar to QWIPs. The quantum dots have the advantage of confining electrons in all 3
dimensions, similar to real atoms. Therefore quantum dots are sometimes referred to as artificial
atoms. The advantages of QDIPs over QWIPs are lower dark current and relaxed selection rules
which allow strong absorption of radiation under normal incidence. An example of a QDIP layout
is shown in figure 2.2.4:

Figure 2.2.4 Basic Schematic layout of a QDIP sensor
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3 THEORY
3.1. Quantum well

In a quantum well, the motion of a particle is confined in two dimensions i.e. the particle is free
to move in a plane.

Figure 3.1.1 Schematic potential profile of a quantum well

The effect of quantization takes place just in one direction (the particle is free to move in the
other 2 directions) and occurs when the thickness of the well is very small. The thickness needs to
be comparable to the de Broglie wavelength which is about 10nm in semiconductors. The energy
structure of quantum wells can be calculated from the Schrödinger equation:

Hψ n = Enψ n
EQ. 3.1.1

Ψn is the electron wave function
En is the energy
H is the Hamiltonian and it represents the sum of potential and kinetic energy:

H=

p2
2m *
EQ.3.1.2

p = −ih

d
dz
EQ.3.1.3

p is the momentum
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m* is the effective mass of the particle
The equations above give us:
Hψ n = −

h 2 d 2ψ n
2m * dz 2
EQ.3.1.4

To solve this equation we assume that the barriers are infinite and then:

ψ n (0) = ψ n ( L) = 0
EQ.3.15

L is the width of the quantum well
The diagram below shows the solution of the Schrödinger equation with wave functions
corresponding to quantum numbers n=1,2,3

Figure 3.1.1 Solutions of wave functions in QW

The wavefunctions are given by:

ψn =

2
nπ
sin( z )
L
L
EQ.3.1.6

The corresponding energy levels are given:
h 2 nπ 2
h2 2
En =
( ) =
kz
2m * L
2m *
EQ.3.1.7
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These solutions are only approximate because the potential outside the well is assumed to be
infinite, whereas in reality it is equal to the conduction band offset. Because of that the wave
function will penetrate into the barrier and the position of the energy levels will be shifted.

3.2 Quantum Wells in semiconductors

To produce a quantum well we need to sandwich a thin layer of semiconductor in between two
semiconductor layers with larger potential barriers. In such structure we get potential steps which
are shown in figure 3.2. QWs can be grown by molecular beam epitaxy or chemical vapour
deposition.

Figure 3.2 Band structure of QW
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3.3 Quantum Dots

In quantum dots the motion of particles is confined in three directions, providing a discrete
density of states for the carriers. Different density states for bulk material, quantum well and
quantum dot are presented in Figure 3.3.

Figure 3.3 The comparison of density of states in a) bulk material b) quantum well c) quantum dot

The size of QDs typically vary from 10-50 nm for self assembled QDs and 50-100nm for QDs
defined by lithographically patterned gate electrodes on two-dimensional electron gases in
semiconductor hetero structures. QDs are often compared to atoms because of the discrete energy
spectrum. The lower size limit for QDs is given by the condition that at least one bound energy
level for electrons or holes is present. The critical diameter (Dmin) depends strongly on the band
offset of the corresponding bands of used materials:

D m in =

πh
( 2 m e* ∆ E c )
EQ.3.3

Where m*e is the effective electron mass.

3.4 Growth of QD

Semiconductor quantum dots can be made from tiny low bandgap material islands embedded in a
large bandgap matrix. Common material systems are InAs islands in GaAs or Ge islands in Si.

13

Optical Characterization Of Quantum–Dots-in-a-Well Infrared Photodetectors under
External Perturbations

There are several processes in which quantum dots can be produced. They can be formed by
lithographically defined electrodes on quantum wells. Quantum dots can also occur
spontaneously under certain growth conditions when there is a large lattice mismatch between
QDs and the surrounding material. The growth methods include molecular beam epitaxy and
metalorganic vapour phase epitaxy. The growth of QDs is an energy driven process in which the
growing structures want to minimize their energy through transitions from highly strained layers
to coherent islands. QD are formed, during this layer to island transitions, during four different
phases:
•
•
•
•

2D layer-by-layer growth
Nucleation
Island growth
Ripening

In the layer-by-layer phase the first stable layer is grown until a critical thickness is achieved and
then a nucleation process will start. Material from the thin layer diffuses toward the nucleation
sites and growth of the QDs commences. In the ripening process the final homogeneous
distribution of QDs is formed [1]
The first realization of quantum dots was nano-size semiconductor inclusions (e.g. CdSe) in
glass, which have been commercially available as colour filters.
In devices based on QDs the operating wavelength can be tuned by adjusting the size and
composition of the QDs and barrier material.

3.5 Vapour Phase Epitaxy (VPE)

This technique is also known as CVD (chemical-vapour deposition). In this process epitaxial
layers are formed by chemical reactions between gaseous compounds. Figure 3.5.1 shows
schematically a CVD set-up. The mechanisms of CVD involve a number of steps: a) the reactants
are transported to the substrate region (gases and dopants), b) they are transferred to the substrate
surface where they are absorbed, c) chemical reactions occur, catalyzed at the surface, followed
by growth of the epitaxial layer, d) the gaseous products are desorbed into the main gas stream,
and e) transported out of the reaction chamber. [5]
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Figure 3.5.1 Susceptor for chemical vapor deposition

Metalorganic VPE or CVD is a process based on pyrolytic reactions. MOVP is characterized by
the chemical nature of the precursor unlike to the conventional CVD. To growth GaAs we use
compounds such as trimethylgallium (Ga(CH3)3) and arsine (AsH3). These two substrates can be
transported in vapour form into the reactor. The metalorganic compound is transported to the
quartz reaction vessel by carrier gas (hydrogen), where it is mixed with AsH3 for growth of GaAs
structures. To induce the chemical reaction the gasses, which are situated above the graphite
susceptor, are heated to 6000-8000C using radiation frequency. A schematic reactor of MOVPE is
showed in Figure 3.5.2. [2]

Figure 3.5.2 Schematic figure of a MOVEP reactor
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3.6 Stranski-Krastanov growth

This is heteroepitaxial growth in lattice-mismatched systems. This method is also called layerplus-island growth and was for the first time observed in 1939 by Ivan Stranski and L. von
Krastanov[9]. By this method self-assembled QDs are formed, with typical dimension of the
order of a few tens of nm. These QDs exhibit dominant quantization effects with energy scales,
which basically allow for room temperature device applications. Stranski-Krastanov growth can
be realized in a variety of different material systems and it is a cheap and fast process, compared
to routes of lithographic pattering.
Epitaxial deposition techniques like molecular beam epitaxy (MBE) in the Stranski-Krastanov
mode were established to be the most powerful method in the last decade for fabricating quantum
dots in Ge/Si and InAs/GaAs material systems. Island nucleation takes place under adequate
growth conditions with typical growth temperatures of about 5000C of the substrate, to get the
high surface mobility of atoms, and a typical rate deposition of 0.02nm/s. In (Si)Ge (lattice
mismatch of about 4%) and In(Ga)As (lattice mismatch 7,2%) the morphological phase transition
to islands on a wetting layer rapidly takes place when the elastic energy gained by elastic strain
relaxation within the islands exceeds the additional surface energy of the island structure. A huge
number of islands, which are free of defects, evolve with areal densities up to 1011cm-2. The
height of the islands is in the nm-range and the lateral size is about 20-50nm, depending on
growth conditions.[2]. Figure 3.6 shows an AFM image of self-assembled InAs quantum dots
grown on GaAs surface in S-K mode.

Figure 3.6 AFM images of InAs quantum dots on GaAs surface
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4 OPTICAL CHARACTERIZATION OF DWELL QDIPs

4.1 Scope of the project

The purpose of the project is to make optical measurements of the photoresponse of two different
types of DWELL IPs. To tune the electron concentration in the dots, we use resonant optical
pumping from a semiconductor laser. The measurements were carried out with a Fourier
transform infrared spectrometer. Studies of the photoresponse at different temperatures and the
dark current level have also been done.
4.2 Quantum Dots-in-a-Well Infrared Photodetector (DWELL IP)

DWELL IPs are a new kind of photodetector suggested for detection of infrared radiation. These
detectors are natural extension of the development of QWIPs and QDIPs. In DWELL
photodetector just the active region was changed and both QDs and QWs are present at the same
time because InAs QDs are embedded in InGaAs QWs. The detected wavelengths correspond to
transition between quantum dot stage and quantum well stage what is shown in Figure 4.2.

Figure 4.2 Detection of radiation in DWELL structure

DWELL QDIPs are the most recent and advanced technique to detect long wavelength infrared
radiation (LWR, 8-14µm) but it can also be shifted to detect mid wavelength infrared radiation
(MWL, 3-5µm). The detection wavelength can be adjusted by changing the size of QDs or QWs
for example by applying reverse bias. [6]
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4.3 Dark current in a Dot-in-a-Well Quantum Dot Infrared Photodetector (DWELL QDIP)

Dark current (DC) is the current that can be detected in a photodetector with an applied bias when
there is no incident infrared radiation. The DC can negatively affect the signal to noise ratio. Dark
current is generated by thermal excitation i.e. the thermal energy is high enough to excite the
electrons from the ground state of wells and dots and create a small leakage current. DC is the
main drawback in infrared detectors based on band transitions.
Thermal excitation can produce dark current in a DWELL QDIP in four processes:
•
•
•
•

Ground state tunnelling: Electrons in the ground states of the well can tunnel through the
barrier into the next quantum well. This effect can be reduced by increasing the barrier
thickness.
Thermally assisted tunnelling: Electrons in the ground states of the well are thermally
excited to a higher energy level from where they tunnel out. This mechanism depends on
both the barrier thickness and the applied bias.
Thermionic emission: Electrons in the ground states of the well are “kicked out of the
well”.
Escape from the quantum dot: electrons are thermally exited from the dot directly to the
matrix.

The processes are shown schematically in Figure 4.3:

Figure 4.3 Mechanisms of generation of dark current: A. Ground state tunneling, B. Thermally assisted
tunneling, C. Thermionic emission, D Escape from the quantum dot.

Dark current is reduced by cooling the detectors to the range of 50- 77K but this increases the
cost of the devices. Currently there is a great deal of research improving fabrication of the devices
19
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in order to increase the operating temperature. In addition to reduced costs, the lifetime of the
detector would increase.

4.4 Optical Absorption

Optical absorption occurs when the semiconductor is illuminated and the energy of the photons is
equal to, or larger than the bandgap energy. Photons from incoming light are absorbed and create
electron-hole pairs (Figure 4.4a). If hν is larger than Eg, an electron-hole pair is generated and
additional energy is dissipated as heat (Figure 4.4.1b). These two processes are called intrinsic
transitions (or band-to-band transitions)

Figure4.4 Optical Absorption Processes on a semiconductor material.

There is also a possibility that the photon with energy smaller than the bandgap of the
semiconductor will be absorbed. This process is called extrinsic transition. In this process an
electron is excited from the valence band to an energy state in the band gap which results in a free
hole in the valence band (Figure 4.4c). A similar correspondence is possible between the energy
state in the band gap and the conduction band, resulting in free electrons. The energy states in the
forbidden band gap stem from impurities or imperfections in the semiconductor crystal.

4.5 Optical pumping

In our project we used an infrared laser to get better response from the quantum-dot-in-a-well
photodetector. The wavelength of the laser is 1064nm and the energy of the laser is equal to the
energy separation between the electron and hole ground states of the dot. The external light
source pumps electrons from the valence band into the conduction band (Figure 4.5). This
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pumping increased the number of electrons inside the quantum dots and therefore increased the
sensitivity of the detector.

Figure 4.5 Electron transition in the quantum dot due to optical pumping

4.6 Fourier Transform Infrared Spectroscopy

Infrared Spectroscopy is a measurement technique used to analyze the spectrum of an infrared
signal. FTIR (Fourier Transform Infrared) Spectroscopy gives as a result the intensity of an
infrared source expressed in either voltage or photocurrent for each wavelength. This tool helps
us to collect the necessary data for characterization of the studied devices.
A common instrument used for analyzing infrared radiation is a grating spectrometer which
measures the intensity of an infrared source wavelength by wavelength by rotating the grating.
Such measurements are time consuming. Instead a FTIR spectrometer uses interference of light
by means of a Michelson interferometer to form an interferogram which is then transformed to
the frequency domain to obtain a spectrum equal to the one obtained by a grating spectrometer
but in less time due to the fact that all frequencies are measured at the same time. Also, for a
given resolution the signal-to-noise is much better for the FTIR spectrometer. Figure 4.6.1 shows
the basic structure of a FTIR spectrometer:
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Figure 4.6.1 Basic Schematic of FT-IR Spectrometer

The spectrometer used in this project was a VERTEX 80v FTIR spectrometer fabricated by
BRUKER OPTICS.
The basic elements of the FTIR spectrometer are the infrared source, the Michelson
interferometer and the detector.
The infrared source emits infrared radiation either at near-infrared or mid-infrared. In this case we
used a global source that emits mid-infrared radiation.
The beam splitter is the main part of the Michelson interferometer and it is used to divide the
collimated beam from the global source into two beams. A broadband KBr beam splitter was
used which allows measurements between 10000 and 380 cm-1. In our case the detector to be
studied is used to convert the modulated output radiation from the Michelson interferometer to an
electrical current which is the amplified and Fourier transformed to get the spectral distribution of
the generated photocurrent.
For obtaining the response of the sample to infrared radiation, the process in an FTIR
spectrometer goes in this way: first a source of infrared light is properly collimated to obtain a
highly directional beam of light which is then divided by means of a beam splitter into two
beams. One of these beams is reflected back on a fixed mirror and the other one is reflected back
on a moving mirror. When the two beams interfere the result is modulated beam which is then
directed to the sample to be analyzed. The sample will emit radiation depending on its internal
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composition which will be then measured by an infrared sensor. Registering the output of the
photosensor, and the change of distance of the moving mirror results in an interferogram. The
final step is to use the Fourier transform on this interferogram to obtain the spectrum of the
infrared radiation which shows the photocurrent for each frequency component of the infrared
radiation emitted by the sample. In our project, the photodetector inside the FT spectrometer is no
needed because the sample is used as photodetector. A typical output spectrum is showed in
Figure 4.6.2.

Figure 4.6.2 Example of a typical output spectrum obtained in a FTIS

A commonly used relation on spectroscopy is the wavenumber (W). It expresses the number of
waves per centimetre. This is simply the reciprocal of the wavelength: the wave number is used to
simplify the work with calculations in spectrometry work.

EQ.4.6

4.7 Description of the samples used in the measurements

In our measurements we investigated two different types of photodetectors based on quantumdot-in-a-well structures. The main difference between the samples was the absence and presence
of a buffer layer. The first photodetector, which we called QD85, does not have buffer layer. The
multiple layers with QDs are sandwiched in between two n+ GaAs layers. Schematic structure of
QD85 is shown in Figure 4.7.1.
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Figure 4.7.1 Schematic structure of QD85

The second sample named QD84 is very similar to sample QD85, but additionally it has two
buffer layers situated above and under the QD layer. Schematic structure of QD84 is shown in
Figure 4.7.2.

Figure 4.7.2 Schematic structure of QD84

The buffer layers influence the resistance of the sample, because the samples with buffer layers
are wider. QD84 is almost 3 times longer than QD85 and therefore the applied bias needs to be
larger than the bias applied to the QD85 sample. In our project we wanted to investigate if QD84
has better response than QD85 despite it needs more applied bias.
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The energy structure of QD84 and QD85 are shown in the two figures below (Figure 4.7.3 and
Figure 4.7.4).

Figure 4.7.3 Schematic energy structure of QD85

Figure 4.7.4 Schematic energy structure of QD84

The difference in the slopes of the band structures may influence the response of the
photodetectors. The exited electrons from the quantum wells will flow in one direction for QD84
whereas they can flow in two directions for QD85, when the applied bias is not high enough.
Furthermore, the buffer layers could act as potential barriers for the dark current contribution
from the contact layer. Consequently the signal-to-dark current ratio could be increased.
The structures were grown by MOVPE in a vertical Veeco reactor operating at 100mbar. As
source materials, triethylgallium, trimethylindium and arsine were used. First a GaAs buffer layer
of 300nm was grown at 7100C and this temperature was kept during the growth of the lower
contact layer. Then the temperature was decreased to 4850C to grow the QWs and QDs layer. [6]
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Using a Fourier Transform spectrometer at Halmstad University several measurements of the
photoresponse of the two samples (QD84 and QD85) were carried out for different applied bias.
In the measurements we also investigated the photoresponse of the detector under continuous
radiation from a 1064 nm semiconductor laser. By tuning the power of the laser the carrier
concentration in the dots could be varied. The dark current vs. temperature was also studied.

5.1 Photoresponse of QD85 and QD84 DWELL QDIPs

Figure 5.1.2 shows the photoresponse of QD85 at 77K for different applied bias. The spectral
response of the detector shows two important peaks. One peak is located at about 150 meV
corresponding to a wavelength of 8.2 µm. This peak results from electrons excited from the
ground state in the quantum dots to higher energy states in the quantum well which then tunnel
through the quantum well barrier (see Figure 5.1.1. a).
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Figure 5.1.2 Photocurrent of QD85 at 77 for different applied voltages
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Figure 5.1.1 Graphical explanation of the two main photocurrent peaks. A Tunneling effect, B transition from
ground states to the conduction band.

Figure 5.1.2 also shows that the amplitude of the dominating peak depends on the applied bias.
When the bias is decreased, the effective tunnel barrier becomes wider and the tunnel probability
for electrons becomes smaller. If the applied bias is increased the quantum wells are tilted which
results in thinner tunnelling barriers and more electrons can tunnel through the quantum well
barrier. The second peak in Fig. 5.1.2 is located at about 225 meV and corresponds to a
wavelength of 5.1 µm. This peak is created by electrons excited from the ground state in the
quantum dots to the matrix. Figure 5.1.3 shows the photoresponse of QD84 at 77K for different
applied bias. The spectral response of QD84 has the same shape as QD85. The difference
between the samples is just the fact that for QD84 it is necessary to apply higher bias because of
the buffers layers, which is briefly explained in chapter 4.7.
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Figure 5.1.3 Photocurrent of QD84 at 77K for different applied voltages
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5.2 Photoresponse of QD85 and QD84 DWELL QDIPs under External Perturbation

To study the photoresponse of QD84 and QD85 under optical pumping, a semiconductor laser
with a wavelength of 1064 nm was used. This wavelength was chosen because its energy is
resonant with the fundamental transition of the quantum dots. Measurements were done by
changing the laser power by means of an optical density filter. Figure 5.2.1 shows the
photoresponse of QD85 at 77K for different laser powers maintaining a constant applied bias.
The spectral response of the detector shows that the peaks described in section 5.1 increase with
increasing laser power.

0,0014

0,0012

0,001
photocurrent [a.u.]

with laser power 128mW
with laser power 116mW

0,0008

with laser power 60mW
with laser power 18mW
0,0006

0,0004

0,0002

0
0

50

100

150

200

250

300

350

400

Energy [meV]

Figure 5.2.1 Photocurrent of QD85 at 77K for different laser powers for 1,25V

Figures 5.2.3 and 5.2.4 show the photoresponse of QD85 at a fixed voltage of 1.25V and 1.75V
with and without optical pumping. The figure shows that optical pumping can reduce the applied
bias to get the same photocurrent. The effect of the optical pumping is to increase the number of
electrons in the ground state of the quantum dots producing a higher value of the photocurrent for
the same applied bias. The mechanism of infrared detection during optical pumping is shown in
Figure 5.2.2
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Figure 5.2.2 Mechanism of infrared detection during optical pumping

Another very interesting effect is that the optical pumping has greater influence on the first peak
(tunneling effect). On the graphs we see that for low applied bias the second peak was increased
less than the first peak and the same situation happened for higher applied bias. The laser
increased the first peak approximately three times more than the second peak.
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Figure 5.2.3 Photocurrent of QD85 at 77K for an applied bias of 1,25V
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Figure 5.2.4 Photocurrent of QD85 at 77K for an applied bias of 1,75V
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Figures 5.2.4 show the photoresponse of QD84 at a fixed voltage of 3Vfor different optical
powers. The spectral curve for QD84 is similar to 85. The photocurrent is also increased when the
optical pumping is used. The bias applied to this sample is increased to compensate the voltage
drop over the buffer layers.

0,025

photocurrent [a.u.]

0,02

0,015

no laser
laser power 128mW
laser power 116mW
laser power 60mW
laser power 18mW

0,01

0,005

0
0

50

100

150

200

250

300

350

400

Energy [meV]

Figure 5.2.4 Photocurrent of QD84 for different laser powers at3V

Figures 5.2.5 and 5.2.6 show the photoresponse of QD84 at a fixed voltage of 3V and 4V with
and without optical pumping. The behavior of the QD84 detector is similar to QD85. Here it is
also shown that the first peak is increased more by the laser than the second peak. Saturation of
the magnitude of the two photocurrent peaks at a laser power of 116 mW was observed, which
indicates filling of the quantum dot ground states.
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Figure 5.2.5 Photocurrent of QD84 at 77K for an applied bias of3V with and without laser
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Figure 5.2.6 Photocurrent of QD84 at 77K for an applied bias of4V with and without laser
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5.3 Temperature dependence of the photoresponse and dark current of QD84 and QD85
DWELL QDIPs

Measurements of the temperature dependence of the photoresponse and dark current were done
from 77 K to 300 K. For the temperature dependence measurements different spectra were
obtained at different temperatures for a fixed bias (figure 5.3.1) For dark current measurements,
the samples were capped with a metal lid to avoid the influence of black-body radiation from the
surroundings (figure 5.3.2).
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Figure 5.3.1 Photocurrent of QD85 for 2V for different temperatures

Figure 5.3.1 and 5.3.2 show that the temperature dependence of the photoresponse of the two
samples. It is noted that the photoresponse decreases dramatically above 100K. This is due to the
thermal excitation of the electrons as the temperature increases (see section 4.3).
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Figure 5.3.2 Photocurrent of QD84 for4V for different temperatures

Dark current values at different temperatures for sample QD84 were plotted on figure 5.3.3 using
equation 5.3.1, which relates the current and temperature on a semiconductor:
−

I =e

Ea
KT

EQ.5.3.1

Where Ea is the energy of the electron and K is the Boltzmann constant.
Rewriting equation 5.3 in a linear way we have:
Ln ( I ) =

Ea 1
K T
EQ.5.3.2

Where Ea/K is the slope and is equal to the energy from the quantum dot to the matrix.
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The energy calculated from equation 5.3.2 is around 0.3 eV for both samples. This energy is the
energy necessary to kick-out the electrons inside the quantum dots.
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Figure 5.3.3 Plot of the natural logarithm of the dark current Vs the reciprocal of the temperature for QD84.

0
0,002

0,0025

0,003

0,0035

0,004

0,0045

0,005

0,0055

-5

ln (I)

-10

-15
y = -4072x + 3,9646
-20

-25
1/T

Figure 5.3.4 Linear region of figure 5.3.3
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Figure 5.3.5 Plot of the natural logarithm of the dark current Vs the reciprocal of the temperature for QD85.
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Figure 5.3.6 Linear region of figure 5.3.5

From the dark current measurements (figures 5.3.3 to 5.3.6) it is observed that the dark current is
constant from 77K to 155K for sample QD85. For QD84 the dark current increases constantly
from 95K to 155K. Above 155K dark current values are bigger for QD85 than for QD84.
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The photoresponse of both DWELL IPs showed a dependence on the applied bias due to the
tilting of the conduction band edge and the change in probability of tunnelling from the quantum
well excited states through the barriers. By changing the bias it is possible to tune the wavelength
window of the detector.
Using optical pumping by means of a laser having a wavelength, which is resonant with the
ground state interband transition energy in the quantum dots, the photoresponse of the detector
was dramatically increased in both samples. This is due to an increased carrier density in the dots.
Tuning the laser power corresponds to changing the doping concentration in the detectors.
From the collected data it is possible to compare samples QD85 and QD84 in order to point out
any advantage coming from any of them. Without optical pumping, the photocurrent in QD84 is
slightly larger than in QD85, but the difference is not high enough to be considered important.
Using optical pumping the photocurrent also is a bit larger than QD85 and shows higher
difference than when there is no optical pumping. Dark current showed to be less for sample
QD84 for temperatures above 155K. Between 77K and 155 the dark current for QD85 remains
constant and is lower compared to sample QD84. The activation energy calculated from the dark
current measurements was around 0.3eV. This energy corresponds to the thermal excitation of
electrons from ground states in the quantum dots to the matrix. The optical measurements for low
applied voltages match these results.
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