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Abstract

A wide range of applications have been recognized for terahertz radiations. In fact,
medical imaging, homeland security screening, very high-speed wireless telecommunica-
tions systems and even drug and gas detection are boosting the development of terahertz
emitters and receivers. The work of this thesis is among the efforts in that regard.

Actual terahertz detectors are suffering many drawbacks, they are bulky, very slow, not
very sensitive or operates at non-practical temperatures. Combined with the complexity
to realize terahertz emitters, it explains the difficulties of terahertz radiations to ensure
market penetration with practicable civil applications. In that regard, we aim to better
understand and improve a specific terahertz photodetector: the Terahertz Quantum Well
Photodetector. Those devices working principle relies on a photocurrent created by the
excitation of electrons from ground states of quantum wells to the continuum under tera-
hertz impinging light. The intensity of the photocurrent is depending on the intensity of
the radiation received by the device.

The device active region is made of a multiple quantum wells GaAs/Al,Ga;_,As system.
By changing the design of the device, that is the thicknesses of each layer, the aluminum
fraction of the doping concentration, we can modify its performances. Documented and
commented Matlab functions and routines have been implemented in order to simulate a
given structure and scripts have been written to find the optimum parameters for a target
absorption frequency. Our model has been verified by comparison with experimental data
reported in the literature.

Based on our model, we systematically study the impact of the active region and con-
tact parameters on the device performances. In addition, innovative designs are proposed
in order to reduce the undesirable dark current and thus increase the detectivity. They
benefits from many-body effects, effects that are usually a constraint on the design. To
our knowledge this is the first time those effects are used to realize innovative designs and
increase the performances of quantum well infrared photodetectors.

Finally we expose other designs that have been tested in the infrared domain with
QWIP and adapt them to the terahertz range. In particular, we propose a quantum
cascade photodetector, a double barrier bound-to-miniband and a phonon-assisted band
to miniband structures.
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Chapter 1

Introduction

1.1 Motivation and Objectives

The maximum spectral luminance of the sun is between 400 and 800 nm. In addition the
atmosphere is transparent at those wavelength. The correlation of this two facts explains
why the human eye is mainly sensitive to those specific radiations, that we therefore called
"visible light”. Nevertheless, it represents only a very small part of the wavelengths that
are used in our lives. Figure 1.1 reminds the relative frequencies and terminology for usual
radiations in photonics and electronics as well as the visible light range.

The link between the radiation emitted by one object and its temperature can be

Electronics Photonics

< P-
>

10° 10" 10" 10" 10 10" 10% 10' _f(H2)
| | | | | |

Microwaves Infrared
Radiowaves uv
Terahertz X-Rays
‘ ! ] I
A 30 cm 3 mm 30 um 300 nm
3cm 300 um 3 um 30 nm

Figure 1.1: Wave terminology as regards their frequency and wavelength
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Figure 1.2: Luminance of the sun (5750K)  Figure 1.3: Luminance at 36, 20 and 0°C

described in a first approximation by the black body model, introduced by Kirchhoff in
1860. Figure 1.2 shows the luminance of the sun and figure 1.3 of objects at usual tem-
peratures (0°C, 20°C and the human body temperature of 36°C). In fact, if we assume

that the sun’s temperature on its surface is 5750K, the maximum emitted wavelength is

2.898 x 1073
Aoz = TX = 504 nm according to Wien’s law, as we can see on figure 1.2. This

confirms our previous discussion about the human eye sensitivity. Figure 1.3 displays the
luminance for the human body (at 38°C) and environment at 20°C and 0°C. The wave-
length corresponding to this temperature interval is around 9 to 10 gm. This has been one
of the main reason for the research investment in the mid-infrared range, especially be-
tween 8 and 12 pym. Indeed thermal radiation detection promised many applications from
military to civil domain like night vision[2], industrial component inspection[3], pedestrian
tracking[4] or physiological activities monitoring[5].

Nevertheless, terahertz (THz) radiation has been forsaken for a long time. This fre-
quency range is loosely defined as f = 0.3 — 30 THz, equivalently A = 1000 — 10 um in wave-
length or E ~ 4 — 40meV in energy. This is mainly due to the fact that it is not very
present in natural events and usual technologies: it is far from the frequencies of visible
light, usual photonics devices or electronics clock speeds. Frequencies below the THz range
are mainly generated with semi-conductor based electronic devices and higher frequencies
with photonics devices. Then, the development of terahertz waves emission, amplification
and detection devices has not been explored until recently. Figure 1.4 highlights the lake of



practical devices between the electronics (up to 300 GHz) and photonics (down to 30 THz),
the so-called terahertz gap. Indeed, every component has its own drawbacks: photomixers

10°
o
-
2
@k
£ 10
% 10
3
3 —
01
Multiplexer
0.01
0.001 ' '
0.01 0.1 1 10 100 1,000
Frequency (THz)

Figure 1.4: Available sources in and around the THz range. Novel devices under research
are represented in ovals. Picture from][!]

suffer of very low output powers beyond 1 THz (in the order of uWW), p-Ge laser is working
in pulsed mode, free electron and gas lasers are bulky, Quantum Cascade Lasers operate
at cryogenic temperatures, ...

Nevertheless, the development of THz will tackle various issues. First, to fill the THz
gap raises many interesting challenges from the research point-of-view as regards theoret-
ical modeling, fabrication technologies or characterization. Secondly, technological break-
throughs in the THz range will not only complete the already existing applications but also
boost utterly new industrial outlets. A road map of THz applications has been established
by Tonouchi[!]. As an example, research is pursued in the fields of medicine and biological
(tumor imaging, non-destructive diagnosis, pharmacology, ...)[6, 7, 8] or industrial (wafer
and LSI inspection, gas sensing)[9]. In addition to those applications usual in the infrared
range, we can cite more innovative applications like open-space telecommunications[10],
food control, drug detection and security screening[!1]. Many chemical compounds and
gases have characteristic rotational and vibrational absorption spectrum in the THz range,
explaining that the first application for THz wave have been spectroscopy. The oldest use



of THz spectroscopy has been for spatial application, to identify the radiations received
from space[!2]. In fact, estimations have been made that an important part of the photons
generated by the Big Bang fall into the THz domain|[13]. Furthermore, some material are
transparent in the THz range whereas they are opaque in the visible or infrared range
leading to great application in imaging, called T-Ray by analogy with X-Ray imaging.
To illustrate those new imaging possibilities, we led imaging experiments in transmission
mode with different objects. They are described in section 1.2.

In addition, THz open-space telecommunications has been demonstrated for both au-
dio and videol[l1] signals. It has been shown that even if an obstacle is in the signal path,
the communication can still take place as long as this obstacle material does not entirely
absorb THz radiations. In addition, higher band rate of 100 Gbps are expected in the
short-run for both indoor and outdoor communications, which is much higher compared to
usual microwave wireless system. Nevertheless, terahertz range faces a major problem: it
is importantly absorbed by atmosphere, especially water, thus compromising long-distance
open-space communications and experiments. As a result, terahertz is also studied in the
scope of spatial applications, as there is no atmosphere in space, such as spectroscopy|[15].
Many applications have been listed in Saeedkia’s handbook[16] such as tomographic imag-
ing, applications in the aerospace, wood, pharmaceutical and semiconductor industry as
well as in art conservation.

1.2 Imaging experiment

In order to demonstrate the potential of terahertz radiations we realized a THz imaging
setup. A THz Quantum Cascade Laser (QCL) emits THz radiations that are focused
by a lens to a micro-bolometer THz camera. In fact, THz beam is very divergent and
need to be focus by putting a lens at a focal distance from the QCL facet. The set up
is described in figure 1.5 The QCL is emitting at 3 THz and is cooled down at 10K. The
camera is the IRXCAM-THz developed by INO and is made up of a 160 x 120 pixels
micro-bolometer Focal Plane Array (FPA)[17] optimized for 3 THz. Several objects have
been studied in transmission mode. In fact, we studied hidden pictures in bank notes from
different countries (Canadian dollars, euros, Argentinian pesos). Euro banknotes are made
of cotton fiber, Canadian dollars of synthetic polymer (new banknotes) and Argentinian
pesos of flax and cotton fibers. For example, we have been able to reveal concealed euro
symbols, faces, building and numbers as shown on figure 1.6. Polymer banknotes turned
out to yield better quality pictures.
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Figure 1.5: Imaging experiment setup

Results with the other banknotes are presented in appendix A. Similarly to infrared

10

Figure 1.6: Bank note in the visible (left) and the THz (right) range

and ultraviolet ink, we can imagine to produce terahertz ink in order to limit banknote

counterfeit.

In addition to this transmission mode setup, we also studied the possibility to realize



reflection mode imaging. To do so, the sample to image is placed after the lens, at 45°
with the terahertz beam and the camera is moved to also be at 45° with the coin. The
setup and an example of resulting image are shown respectively in figures A.5 and A.6 of
appendix A.

We estimated the resolution of our system by measuring the smallest element that we could
resolve in a repeatable way. We found it to be between 165 and 200 gm. Resolution broke
down below 150 pm.

1.3 Literature Review

In this section, we review the main sensors used to detect terahertz radiations and quan-
tum well photodetectors structures. Detectors are transducers that are characterized by
interdependent parameters:

e the band of response. It is the spectral range for which the detector returns a signal.
Depending on the application, either a wide or a very sharp spectrum can be desired.

e the responsivity. Most detectors produce an electrical signal under enlightenment, the
responsivity is translating the current (or voltage) response per unit optical incident
power: Ry, = AI/P,,. This parameters is to be maximized. The responsivity and
detectivity derivations and deeper meanings will be given in section 2.5.4.

e the response speed. A common quantitative figure of merit for the speed of response
is the time constant. It is the time taken by the signal to rise up to 63% of its
maximum value. A definition with the falling time is also often encountered. The
time rise is another parameter representative of the speed of response. It is the time
needed to rise from 10% to 90% of the signal maximum value.

e the noise level. Noise can result from many different physical effects (Johnson-
Nyquist noise, shot noise, Flicker noise). An exhaustive review of all those effects is
behind the scope of this thesis. The noise is to be kept as low as possible.

e the dimension of the detectors. The physical dimensions of the device are a crucial
parameter for some applications (spatial, portable sensors, ...). The sensitive area of
the detector is also of importance.

e the operating temperature. This is a crucial parameter as it dictates the cooling
system required to use the device. We can distinguish the detectors operating at room



temperature (7" > 300K), at thermoelectric coolers temperature (7' > 240K), at
liquid nitrogen temperature (7' > 77K’) and at liquid helium temperature (7' > 4K).

e the cost. The production and utilization cost will determine the market targeted by

the detector.

We will explain how to quantitatively estimate the spectral response, the responsivity,
the noise induced by the dark current as well as the operating temperature in chapter 2.

1.3.1 Terahertz detectors

As mentioned in section 1, Terahertz radiations have been a dynamic topic of research in
the late decade. In fact, the conquest of this frequency range is supported by both scientific
(fill the gap between electronics and photonics) and industrial motivations. We have seen

that

We can sort terahertz detectors in subcategories depending on their operating principle:

Detector Temperature Response time | NEP (W/VHz) Year

Golay cell Room Temperature ~0.1s 2x 10710 1947[13]
(RT)

Pyroelectric RT 2x 10710 1950s[19, 20]

Thermopile RT ~1—10ms 5x 1077[21]

Power meters ~ 1s[22] 5x107°

Semiconducting 42K > 10pus (Si) | 1077 — 10712 (Si) 1971[23]

bolometers ~5ms (Ge) |5x 107 (Ge)[24] 1961[25]

Superconducting 95 mK 40 ps[20] 3.3x 10717

bolometers

Micro-bolometers RT 200 ns[27] ~ 1.6 x 107 °[25] 1980s

Table 1.1: Thermal detectors review

e the thermal detectors such as Golay cells, pyroelectric detectors, thermopiles, power
meters, semiconducting and supraconducting bolometers and micro-bolometers. In
this case, the incoming photons produce a measurable temperature change. They are
usually slow and their Noise Equivalent Power (NEP) is low. Their characteristics
are summarized in table 1.1.




e the photoconductive detectors. Most of them are realized with extrinsic Germanium
(Ge), Indium Antimonide (InSb), Gallium Arsenide (GaAs) or rely on block impu-
rity band (BIB). For those devices, the incoming photons interact with electrons in
the material which produce a readable current (or change in the resistance). Their
response time is much faster and draw benefits of a lower NEP. Those devices are
reviewed in table 1.2.

e the heterodyne detectors. By letting two signal with two frequencies f; and fs
close but different interact together, they can produce two signals of frequencies
f-=1fi— fo| and fy = f1 + fo. If f1 and f5 are in the GHz range, it is possible
for fy to fall in the THz domain.Schottky diode Mixer (SDM), Superconductor-
Insulator-Superconductor Mixer (SISM) and Hot Electron Mixer (HEM) belong to
this category. Those devices are usually preferred for the lower end of the THz
frequency range, consequently we did not reviewed them in a table.

Detector || Temperature | Response time NEP (W/ \/E) Year
Ge:Sh < 42K 50 —500ns | 10~ down to 4.4 x 10~ 7[29] | 1959[30]
Ge:Ga < 42K ~ 10ns 8 x 107 down to 10~ 7[31] | 1965[32]
Ge:Be < 42K down to 10~ 1° 1983[33]
InSh comparable to Ge:Ga 1960s][ 3]
GaAs 23 — 250 ns[37)] 4 x 107M[30] 1960s
BIB 6 K 5.23 x 107 °[37] 1980

Table 1.2: Photoconductive detectors review

Recent literature reviews on THz photodetectors are available for further information|
| 40].
Finally, efforts have also been made to reduce the dimensionality of the devices. Romeo
reported a THz detector with excellent performances|!1]. Operating at room temperature,
its responsivity has been measured to be 10 VW', its NEP approximately 10" Wv/Hz
and its response time less than 3 um .

)



1.3.2 Quantum Well Photodetectors
Quantum Well Infrared Photodetectors

The discovery and development of intersubband transitions in quantum structures boosted
optoelectronic research and technologies with the invention of novel devices. Among those
devices we can cite the QCL and the Quantum Well Infrared Photodetector (QWIP).
An advantage of intersubband transitions is the possibility to tune the device operating
wavelength, either for emission or absorption, over a wide range. In fact, by changing
the quantum structure size and material we can span from about 1pum to 300 um. As
regards the QWIP, the material of choice is usually GaAs/Al,Ga;_;As and usual quantum
structures then lead to an absorption range of about 3 — 14 um. The operation of QWIP
devices will be described in section 2.1. The main advantage of QWIP among other pho-
todetectors in the same spectrum region, such as HgCdTe or InSb, relies on the maturity
of GaAs and Al,Ga;_,As materials and growth and fabrication processes. In addition,
QWIP have shown itself to be very flexible. As an example, it fits perfectly for high-speed
and multicolor applications in addition of being very compact of easily integrable. As a
consequence they are a perfect candidate for high-speed wireless telecommunications and
imagers.

The first studies on intersubband transitions (ISBT) as been first summarized by Ando in
the early eighties[12]. Suggestion to use ISBT to realize infrared photodetectors has been
published in the late seventies[13]. First demonstration of infrared absorption in quan-
tum well structures has been reported in 1983[14, 45] and the first QWIP experiments in
1985[16] and 1987[17]. In those papers, three QWIP devices have been characterized at
room temperature and have peak absorption at 8.15 um , 10.25um and 10.8um . The
motivation at this time was to realize fast low-power optical logic, the response speed be-
ing very fast, around 30ps. After those forerunning experiments, QWIP has been widely
studied and extensive literature reviews exist on the subject[15, 19] as well as books[50, 51].

Different active region designs have been followed to increase the performance of QWIP.
We will here summarize them exhaustively. QWIP devices can be sorted in two categories:
photoconductive QWIP and photovoltaic QWIP. Photoconductive need a bias to operate
whereas photovoltaic can be used under zero bias condition. For single color devices, the
active region is a repetition of one pattern that we call a module. We can distinguish the
designs according to this module composition.

The first design, which is still the more common, relying on a single well module, each
module being separated by a thick barrier It is also the main photoconductive device. The
impinging photon can excite an electron from the ground state of the well to a state of



higher energy, either bound to the well (figure 1.7) or in the continuum (figure 1.8). This
design is chosen for this work and it will be studied in detail in chapter 2. Asymmetric
quantum wells has also been reported to tune the spectrum width[52].

Photoconductive devices benefit from a good responsivity but suffer from an electric-field
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Figure 1.7: Bound-to-bound Figure 1.8: Bound-to-continuum

induced high dark current. Photovoltaic QWIPs tackle this issue as they do not need a
bias to operate. The next presented designs belong to photovoltaic category. If we decrease
the thickness of the barrier, the states are not localized anymore and couple together to
extend into the whole active region. Doing so, we create minibands for both the ground
and excited states. Different strategies have been studied to collect the electrons: a graded
collector has first been used (figure 1.9)[53] before being replaced by a square collector
(figure 1.10)[51]. A square collector avoid leakage current from the ground miniband to
the collector.

v
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Figure 1.9: Miniband-to-miniband, graded Figure 1.10: Miniband-to-Miniband,
collector square collector

In order to keep a localized ground states and achieve bound-to-miniband transitions,
digital graded superlattices have been used. First attempts were using only two materials
(figure 1.11) and were suffering from an important interwell tunneling from ground state to
ground state. To avoid this drawback, double-barrier structures have been designed with
wells of higher energy for the digital graded superlattices (figure 1.12)[55]. Peak absorption
wavelength lower than 2um has been reached with this last design[56, 57].
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Figure 1.11: Bound-to-miniband Figure 1.12: Bound-to-miniband, stepped

So as to reach higher detectivity, the four zone QWIP has been proposed by Schneider[55].
This design benefits from phonon-assisted tunneling taking place between the two wells of
each module (figure 1.13). This photovoltaic design has shown similar detectivity com-
pared to photoconductive QWIP. This design has been successfully combined with the
single well module design to achieve two-color detection in the Mid-Wavelength Infrared
(MWIR) and Long-Wavelength Infrared (LWIR)[59].

T
Capture

L X \ h w
Tunneling %f\bsorption \

»

/
/
L
5

—

Figure 1.13: Four zone QWIP

Finally, one of the most recent and promising design is the Quantum Cascade Detector
(QCD)[60]. In this case, the electron in the excited in not extracted to the next module
through the continuum but it cascades to the next module ground state through a series
of electronic relaxation (figure 1.14). Very low absorption wavelength of 1.7 pm has been
reached with this design[01]. A review of the design, fabrication and characterization of
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QCD has been published by Giorgetta[(2].
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Figure 1.14: Active region of a Quantum Cascade Detector

Terahertz Quantum Well Photodetectors

The first fruitful attempts to sense THz radiation by using GaAs/Al,Ga;  As QWP has
been reported in 2004 by both Liu[63] and Graf[61]. Liu chose the single well module
approach whereas Graf used a QCD device. One motivation to widen the spectral range
sensed by QWP to the THz range is the possibility to exploit the background acquired
on QWIP, either about their design, fabrication, characterization as well as the maturity
of GaAs material. Beside from study of its behavior under high magnetic field[65], QCD
design has not been push further after this first attempt. In fact, the energy of the op-
tical transition (=~ 10meV) being lower than the phonon energy in GaAs (~ 36 meV),
the extraction of the electron through the cascade is solely relying on electron-electron
scattering instead of Longitudinal Optical phonon (LO-phonon) scattering. In addition,
those devices did not show good performances: the responsivity has been measured to be
8.6 mAW ! and the detectivity was 5 x 107 cmvHzVW with a peak absorption wavelength
of A =84 pum at 10 K[64].

More usual bound-to-quasibound THz QWP device has been more studied. State-of-the-
art regarding the performance, design of the active region and light coupler as well as an
imaging experiment have been reported by Cao in 2011[66] and Guo in 2013[67]. The
polarization rules applies exactly the same way as for the n-type QWIP and then we need
a light coupling structure for the light to be absorbed by the device. Both usual 45°and
surface plasmon induced by metal grating have been experimented. Simulations showed
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that metal gratings for the top contact are to increase the absorption efficiency by a factor
30 according to theoretical studies[(58, 69]. No p-type THz QWP has been found in the lit-
erature. Most of the recent research on THz QWP has been led by H.C. Liu’s group.They
obtained the best performances for THz QWP: a response time lower than 1 ns and an
NEP lower than 10~ W/ VHz for temperature lower than 20 K over a spectral range of
3.0-7.0 THz. At low temperatures, a responsivity comparable to QWIP (0.4 — 1.0 AW ™)
has been measured.

Other material are also considered for THz QWP. For example, GaN/Al,Ga; N based
devices have been studied from 2013 and are expected to cover GaAs/Al,Ga;_,As Rest-
strahlen forbidden band from 5 to 12 THz[70, 71]. In fact the phonon energy in GaN is
much higher (92 meV) compared to GaAs (36 meV). In addition, such devices are expected
to be very fast (the relaxation is around 150 fs) and they could theoretically operates at
room temperatures. Nitride-based devices are nevertheless very challenging as regards the
growth quality and theoretical simulations, as a consequence no grown THz QWP has been
reported yet.

Realistic application relying on THz QWP have yet been reported. THz imaging ex-
periments proofed that it is possible to detect concealed metallic objects such as keys or
surgical blades[72, 73]. Besides from imaging, THz free space telecommunications channels
using a QCL as a source and a THz QWP as a receiver has been demonstrated[74, 75].

As mentioned previously, the ideal detector would be fast, sensitive, cheap, reproducible
and integrable. Apart from its necessity to be cooled down to cryogenic temperature, Ter-
ahertz Quantum Well Photodectors appear to be a relevant candidate. In fact, it exhibits
a potential very fast response time, a good responsivity, detectivity and NEP. In addition,
by being an adaptation of the Quantum Well Infrared Photodetector (QWIP) to longer
wavelengths, it is possible to capitalize on the important research that has been done to
develop their performances. Especially, the active region design and the light coupling
structure has been widely studied in the literature. In addition, we expect that it is pos-
sible to integrate THz QWP in Focal Place Arrays (FPAs) like QWIP. Finally, we choose
GaAs/Al,Ga;_(As system as those are well-known materials and the technology is mature.

This thesis focuses on the modeling and design of different structure for THz QWP
devices. Discussion on the calculation and the improvement of the performances of this
devices will be followed. In particular, the main bottleneck in device performance is the
dark current which is too high because of thermal limitations. Designs relying on many-
body effects reducing the dark current will be presented.

13



1.4 Thesis Overview

The focus of this thesis is to describe the physics, simulation and fabrication of THz QWPs
and propose new designs that improve their performances.

Chapter 2 theoretically describes the operation of THz QWP. After explaining the oper-
ating principles of QWPs, we focus on the design of the active region. We discuss how to
choose the optimum well and barrier thickness, fraction of aluminum and doping concen-
tration. The light coupling structure and top metal coverage are studied. We show that,
unlike for QWIP device, a metal coverage of 50 % is not necessary optimum. In order
to reach more accuracy and better match the experimental results, many-body effects are
included in the energy potential calculation. Finally, we highlight the figures of merit that
reflect the performances of the device: absorption intensity and spectrum, (termionic and
tunneling) dark current, photocurrent, responsivity, detectivity and operating tempera-
ture.

In chapter 3, we report our simulation results. First we report the impact of the well
and barrier thicknesses and explain how to find their optimum values. The impact of the
operating temperature on the performances is then discuss. The calculated potentials and
figures of merits for different design are reported. New designs are proposed to increase the
performances of THz QWP. By modifying the doping profile we show that we can reduce
the dark current by one order of magnitude. We also calculate the absorption spectrum
and the peak absorption of those devices.

Information about the fabrication of THz QWPs is given in appendix D.

The main output of this master project is an ensemble of MATLAB routines and functions
that are simulating the performances of given active region. In addition to those codes
simulating devices, scripts have been written to design the optimum devices for a target
absorption frequency.
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Chapter 2

Quantum Well Photodetector design

2.1 QWP mechanisms

Quantum Wells Photodetectors (QWPs) are Multiple Quantum Wells (MQWSs) structures.
One complete device is represented in figure 2.1. The light is impinging through a 45° facet

| Top contact |
n+ Si:GaAs

MQw

[ Bottom contact |

| n+ Si:GaAs

Substrate

Figure 2.1: Structure of one QWP device.

in the substrate. In fact, a light shining in the z direction can not be absorbed because
of the polarization rule. This need of a light coupling structure will be detailed in section
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2.3. The radiation is then penetrating in the substrate and the active region, which made
of periodic repetitions of barriers and wells of the same thickness sandwiched between two
highly doped layers. In the active region, the absorption of light generates photocurrent
that can be read at the metal contacts.

The two n+ layers are undergoing different limitations. First, they have to be doped high
enough to ensure a good electronic transport from the active region to the electrodes.
The high doping (with the help of the extra doping introduced by the contact struc-
ture) reduces the depletion region at the metal-semiconductor junction, thus allowing a
tunneling-assisted ohmic contact. Second, the doping has to be kept low enough to avoid
Thz absorption from the free-carriers.

For THz QWP, materials of choice for the active region are GaAs and Al,Ga;_,As for the
wells and barriers respectively. This choice is justified by the fact that the growth tech-
nology for GaAs and Al,Ga;_,As is mature, our devices being grown by Molecular Beam
Epitaxy. In addition the conduction band-edge discontinuity is easily tunable by changing
the Aluminum fraction and matches the energy of THz radiations. In fact, AE. = 0.904x
which yields, for example, a barrier of 9.04 meV (2.2 THz) for 1% of Aluminum , 18.08 meV
(4.4 THz) for 2% and 45.2 meV (10.9 THz) for 5%. The active region is then made of a
repetition of identical quantum wells and barriers as pictured in figure 2.2. When a photon
is absorbed, its energy excites an electron from the ground state of one well to a state of
higher energy. The photocurrent generation is in other word relying on an intrasubband
transition in the conduction band.
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Figure 2.2: Detail of the active region.

Two different kind of active region can be distinguished from the optical transition
point-of-view:
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e the transition occurs two bound states (figure 2.3.a). Both wavefunctions are then
localized which causes a high absorption, a poor escaping efficiency for the electron
and a sharp absorption spectrum.

e the transition occurs between the ground state and the continuum (figure 2.3.b). The
absorption is then lower, the escaping efficiency higher and the absorption spectrum
broader.

continuum A

hw hw

A A
E, r'a E, ®

a) Bound-to-bound b) Bound-to-continuum
Figure 2.3: Two possible configuration for the optical transition.
It has been demonstrated with QWIP that to ensure an optimum detection, we have to

use an intermediate situation between those two designs with the second energy state at
resonance with the top of the barrier.

2.2 Active Region Model

2.2.1 Structure parameters

All the QWPs in this thesis are based on the GaAs/Al,Ga;_,As material system, in which
GaAs is the quantum well layer and Al,Ga;_,As is the barrier layer. As n-type QWPs
are relying on unipolar intrasubband transitions within the conduction band, we can omit
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the valence band and limit the scope of the simulation to the conduction band in a first
approximation. The first parameter we have to choose is the fraction of aluminum z. It will
define the potential barrier height and thus the achievable energy for the optical transition.
The conduction band offset between Al,Ga;_,As and GaAs is approximated by:

AE,. =0.904z (eV) (2.1)

The effective mass is taken to be m,, = 0.067mg in GaAs and my(z) = (0.067 4 0.083x)mg
in Al,Ga;_,As . The targeted device total thickness has to be around 3.5um. Actually, we
can not grow thicker devices as it would increases growth defects but have to fit enough
wells to ensure strong enough absorption. We usually grow THz QWP with around 10 to 50
wells in the active region. For example if the well thickness is 200 A and the barrier is 800 A
wide, the highly doped layers are 500 nm each, we can put 26 wells. Devices are under
bias while it is operating, this is included in the simulation by tilting the potential. This
potential is supposed to be uniform across the active region. We did not include electric
field domains that are observed in QWIPs. In fact, when we have electric field domain,
we usually observe a plateau-like IV curve[76, 77]. This behavior has not been reported
for THz QWPs[78, 79, 80] for absorption frequencies below the Reststrahlen band and
as a result we did not take electric field domain into account. In addition, we neglected
the electric field non linearity for the wells close to the contacts, induced by electronic
recharging effects. The resulting tilted potential is refined by including Many-Body Effects
(MBEs). This part will be detailed in subsection 2.2.3. In addition, so as to be able to
calculate the states in the continuum and have more accurate calculations, we add two
high padding potential barriers on each sides of the simulated wells. Furthermore, despite
it is common to only use one well for the simulations in the literature, we took into account
multiple wells to run our calculation and then consider the states in the center well. Those
states are then repeated periodically to the neighboring wells, shifted in energy accordingly
to the electric field. For example, under an electric field F, the i® energy states of the k'
well is:

Ef = E? — keFL, (2.2)

E? being the i™ energy states of the central well, e the electron charge and L,=t,+1t
being the length of one period.

Another important structure parameter is the doping of each module. Traditionally THz
QWPs has been uniformly doped at the center of each well, typically over 100 A. No device
with d-doping or doping not in the center of the wells has been reported. The amount of
dopant to be used in THz QWP has been studied and confirmed[78], but to our knowledge
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no work has been realized on the impact of the doping profile. The doping concentration
is calculated the same way as for QWIP devices. The Fermi level has to be equal to:

Es = akgT (2.3)

where T' is the temperature, kg is the Boltzmann constant, and « is a constant. We choose
a = 1if we want to maximize the BLIP temperature and a = 2 if we are looking to optimize
the highest dark-current-limited detectivity[31]. The 2-dimensional doping density is then

deduced by:
meEy  amckpT
Nop = = 2.4
°p wh? wh? (24)
In this equation, m, is the effective mass of the electron, E; is the Fermi level and A is the
reduced Planck constant. Further explanations on this choice will be given in section 2.5.4

2.2.2 Energy state and wavefunction calculation

The energy levels and wavefunctions in the structures has been obtained by using the trans-
fer matrix (TM) method[32]. To ensure a more realistic calculation of the energy states
and reduce the boundary effects, we run the simulation not only for one sole quantum well,
but for multiple modules with a higher potential on the sides as a virtual boundary. We
then consider the well in the center as it is the less affected by the boundaries. These pro-
cedures has been used for QWIP simulation in the literature[33]. We represent an example
in figure 2.4. As we can see, the higher states are more affected by the side-effects as their
wavefunctions are less localized.

In order to have a more accurate simulation, we have included the effective mass
nonparabolicity[34, 85]. It is then energy and position dependant within the wells and
barriers. The nonparabolicity coefficient for GaAs is assumed to be 4.9 x 107! m?. This
value has been successfully used for THz QCLs.

An issue with this procedure is the subdivision of the energy range. In fact, if we use a
linear subdivision of the energy range, the required computational time becomes too long
for low electric fields. Indeed the barrier being very thick, the ground state level do not
coupled together and as a consequence they do not split significantly. For an example,
for very low electric field, the spacing between the ground states of neighboring wells can
be lower than 10™% meV while we have to look for energy states over more that 20 meV.
The use of a linear subdivision would induce to calculate the transfer matrix for at least
10° points. To avoid this non realistic computational time and because we usually run our
simulation over a wide range of applied electric field, we start with the higher electric field
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Figure 2.4: Example of potential and wavefunctions calculated with the TM method. The
wavefunctions are offset for more clarity.

for which the energy states are spaced enough to use a coarse linear subdivision. We then
benefit from those energy states to narrow the energy range to study for the next electric
field. With this method, we reduced the number of energy states to use below 10*. As a
consequence the computational time is reduced by two orders of magnitude.

2.2.3 Many-body effect

Exchange-correlation potential for electron gas has been developed in the frame of the local
density theory[86]. Many-body effects on intersubband transitions in multiple quantum
wells structure has been theorized by Bloss[37]. The first observation of many-body effects
on the peak absorption frequency of THz QWP has been reported by Graf[33]. The energy
states and wavefunctions are calculated from the one-dimensional Schrodinger equation:

—h?
2me
with a total potential V(1) = V.,.(r) + Vi (r) + Vie(r) + eF'z and an electron effective mass
Me.
V.. represents the ideal square potential of the crystal, V} is the Hartree potential resulting
from the electron gas and the ionized donors, V. is the exchange-correlation potential, and

V2U(r) + V(r)¥(r) = E¥(r) (2.5)
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the last term eF'z represents the voltage induced potential drop.
The Hartree and the exchange-correlation potentials are calculated within the local density
approximation[37, 88]:

e2

Vi(z) = /Z (z = 2)(Np(2') — n(z"))d (2.6)

€s€0

where €, () is the static (vacuum) permittivity, Np(z) is the doping profile and n(z)
represents the electronic distribution:

n(z) = mﬂ’;{gT Zln (1 e tar ) W, (2) ]2 (2.7)

T is the temperature, Ey the Fermi level, E; the i" bound state, U, (2) is the it wave-
function, m, is the effective mass of the electron, kg is Boltzmann constant, A is Planck
constant. The Hartree potential is then determined by both doping profile and carriers
distribution. As a consequence the dopant position is critical. The doping concentration
is not a degree of freedom as we have seen in section 2.2.1. Furthermore, it is also not
possible to exploit the electron distribution as they sit at the ground state of each well
which wavefunction is not alterable easily. The effective mass is imposed by the choice of
the material.

T (1+B£8 1n(1+?)) (Ryd) (2.8)

TQr,

where a = (97/4)7Y3, r, =

T (4mnn(z)/3)"13, A = 11.4, B = 0.6213. It is important to
€

emphasize that the exchange—coirelation potential is only depending on the carrier distri-
bution n(z) through 7, and on the effective mass. We do not have a control on those two
parameters and on V. as a result.

Accordingly, the dopant position is the only parameter we can play with to change the
potential corrections induced by the MBEs. This idea will be exploited in section 3.2 to
propose new designs.

In addition to these two effects on the band structure, we can refine our model by
including two dynamic effects: depolarization and exciton shifts. The corrected transition
energy is then given by:

Eél = E21\/ l1+a— ﬁ (29)
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where EY}, and Es; are the optical transition energies respectively with and without the
dynamic corrections and « represents the depolarization shift:

o = 26 Nop /+Oo (/ qlg(z’)\lfl(z’)dz’>2dz (2.10)

€s€0E12 —oo —o0

Nsp is the two-dimensional sheet carrier density. § is the exciton shift:

2 [T g o Veln()
B = 7 /_Oo dzWsy(2)° Wy (2) 5(n(2)) (2.11)

2.3 Optical Coupling

2.3.1 Polarization Rule

The transition rate W;_,; between an initial state |i) (of energy E;) and a final state |f)
(of energy EYy) is quantified by Fermi’s golden rule:
27 12\ |2 2T /2
Wiess = 2L DPO(E — B — hw) + 2| Hp P88, — B+ hw)  (2.12)

The first term stands for the absorption of a photon of energy hw by the material and the
second one for the emission of a photon of energy Aw. More details about this derivation

is found in textbooks[39]. For an optical transition, the interaction Hamiltonian is:
ereikop.r ) ere—ikop.r )
H{)=——"—épe ™ - —— ¢ pet 2.13
R T Cep (213)

¢ is a unit vector in the direction of the electric field, Aq is the amplitude of the potential
vector, k,, is the wavevector of the radiation and p is the momentum operator. The
transition rate for the absorption becomes:

2
abs %|H}Z.|25(Ef — B — hw) (2.14)

i—f
The matrix element can be rewritten as a function of the electric field representing the
light:
Hj; = —e(fler.Eld) (2.15)
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From this last equation, we can see that the matrix element, and then the transition rate,
vanishes when the light is shining perpendicularly to the top facet, in the growth direction.
This natural configuration being not possible, we have to use a light coupling structure.
So far, three main light coupling structure have been widely used for QWIPs and under
investigation for THz QWPs:

e we tilt the device at the Brewster angle
e one facet is etched at 45° and the light is shone orthogonally to this facet

e a metal grating is deposited below the top metal contact and the light is shone along
the growth direction.

A light coupling structure is not needed for p-type QWP and Quantum Dots Photode-
tectors (QDPs)[90]. In fact, for those devices the polarization rule is different and is not
forbidding absorption of light in the growth direction. In p-type QWP, a large absorption is
possible thank to valence-band mixing effects between the light and heavy-hole bands[91].

2.3.2 Coupling structures

Aware of this polarization rule, different schemes to couple the light into the device have
been studied.

The easiest configuration is to tilt the device at the Brewster angle. The refractive index of
GaAs is n,, = 3.3 which yield a Brewster angle of approximatively 73°. This is a useful way
to do prototyping and experiments in transmission mode. Nevertheless in this configuration
the light is coupled with the active region with a relatively small angle of 17° that gives a
low absorption.

The 45° facet structure has been the first to be used due to its simplicity. Indeed we
glue the device on top of a 45° mount by the mesa side, substrate being exposed, and
we lap it horizontally. Additional information are given in section D. In addition, in this
configuration, the light experiences total internal reflection at the top contact and at the
bottom of the substrate and the absorption is taking place each time the light passes
through the active region. Absorption can be typically multiplied by 4 to 6 times this way.
Nevertheless with this structure, it is not possible to integrate devices in a FPA. Those
advantages and drawbacks make it mainly used for prototyping.

If we want to realize a QWP FPA, the light has to impinge perpendicularly to the
devices. As a consequence, it is not possible to use a 45° facet to couple the light into
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the device. The strategy adopted for QWIP devices is to realize a metal grating on top of
the mesa. They have been widely studied in the infrared range[92, 93, 91] and rely on the
diffraction of the light by the grating. They have also been shown to increase the absorp-
tion [95]. As a general rule, the grating period L, should be related with the wavelength in
vacuum A and refractive index of GaAs n, by L, = A\/n, and their depth d should be the
fourth of the period d = L,/4. Doing so the zero-order diffraction is suppressed and the
first-order diffracted beam can be absorbed. Even tough this procedure has been successful
in the infrared range, it is not usable as is in the terahertz range. In fact, if we assume we
want to sense a wavelength of A = 330um, we should etch a grating of period L, = 100um
but this is the typical pixel size. To cope with this problem we capitalize on another
physical effect: the surface plasmon. Surface plasmons correspond to carrier oscillations
at the interface between a metal and a dielectric that can be excited by light thus creat-
ing a polariton. We refer to the literature for more theoretical information[96, 97]. Such
subwavelength gratings have been very recently studied for THz QWP and are expected
to yield tens of time more efficient coupling structures compared to the 45° facet[63, (9].

Recently the corrugated coupling structure has been proposed and studied by Choi[98].
They consist in V-shaped mesas realized by anisotropic chemical etching. The light im-
pinges from the bottom of the devices and reflects twice onto this so-etched 45° facets.

2.4 Top Metal Coverage

If we use the 45° configuration, the light is bouncing back inside the QWP at the metal top
contact such as shown in figure 2.5. The reflected wave is then interfering with the incident
wave which result in a standing wave inside the cavity[99]. As a result, the density of light
in the active region is changing along the growth axis and we can estimate its variation with
a simple electromagnetic model. We assume that the light is impinging with a wave vector
k = k,sin(0)z + k,cos(0)z and |k| = 2w /X where A is the wavelength of the radiation. The
top contact is considered as a perfect metal. If the top metal contact was covering 100%
of the surface, the electric field would be:

F, icosOsin(k,z2)
F" = | F, | =2F exp (tk,x — iwt) 0 (2.16)
F, sin 6 cos(k,z)

On the other side, we can virtually derive what would be the electric field if no metal was
present on top of the active region. The critical angle between GaAs (ngq.as = 3.3) and
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Figure 2.5: 45° facet configuration resulting in a standing wave.

the air (ng;, = 1) is around:

air . 1 °
6. = arcsin ( n ) A arcsin ( ) ~ 16.1 (2.17)
NGaAs NGaAs

As the angle of incidence is much higher than the critical angle, the impinging light experi-
ences dielectric reflection that introduces an additional /2 phase shift. The total electric
field is then:

cos 0 cos(k,z)
F? = 2F exp (ik,x — iwt) 0 (2.18)
isinfsin(k,z)

If we have an intermediate situation where only x % of the device is covered by metal, the
rest being surrounded by air, we write the resulting electric field as:

F'=F"/z +F/1 -2 (2.19)

According to the polarization rule, only the electric field in the growth direction, Z, can be
absorbed. By using the previous equations, we can derive the modulus of the z component
of the resulting electric field:

|FY)? = |2F sin6|? (z + sin? (k.2) (1 — 22)) (2.20)
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Calculations to reach this result and additional details are shown in appendix C.
We plotted the power density |F'|* for a QWIP and a THz QWP on figure 2.6. The
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Figure 2.6: Power density for an infrared and a terahertz QWP, the modules are represented
in dashed green.

structure of this QWIP has been used to highlight the effect of interferences[99]. Our
result differ from the paper as we considered the material index of GaAs to be n = 3.3
instead of 3.6. For the second device (THz QWP), we have 23 modules with a well width
of t, = 19.5nm and a barrier thickness of ¢, = 95.1 nm (20 modules with ¢,, = 4.4nm and
t, = 47.5nm for the QWIP). The frequency of the incoming light in the vacuum is set to
fo=2.7THz (A\g = 111 um). In addition, the GaAs spacer between the top contact and
the first barrier is set to 400 nm, compared to 300 nm for the QWIP. As the wavelength is
much shorter in the case of the QWIP, the power density is varying much faster compared
to the THz QWP. This effect is not desirable as:

e detection non linearities are introduced. In our QWIP example (figure 2.6 a)), the
power density is changing from 80% to 0% of its maximum value if we set x = 100%.

The number of electrons excited by photo-absorption would drastically different for
each well.

e the absorption becomes spatial dependant and the thickness of great importance. In
our example for QWIP, the potential wells are located at a minimum of the power
density if we assume that the metal covers the whole surface (z = 100%). As a
consequence, the resulting absorption would be very low.
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The usual way to avoid those unwanted effects in QWIP is to cover 50 % of the device
with the metal top contact. In fact, in this special value, the power density becomes
uniform: )

‘2 _ |2F sin 0| (2.21)

2

When the light impinges with an angle § = 45° this yield |F;f = |F%.

Accustomed to this practice, the impact of the metal coverage has never been studied for
THz QWPs. Nevertheless, the wavelength being much larger in the THz domain (by an
order of magnitude), the first extremum of the power density inside the device is far from
the quantum wells region. It varies much slower than with a QWIP device. Figure 2.6 b)
shows that even with a full metal coverage (z = 100%), the power varies only from almost
100% to 85% of its maximum value. For a metal coverage of 60%, the variation ranges
from 60% to 57%. Compared to QWIP, we can consequently increase the power density
inside the THz QWP up to a factor 2 by increasing the metal proportion with respect to
the area of the mesa without increasing too much the non linearities.

|7

|2

2.5 Figures of merit

2.5.1 Absorption

The absorption of THz QWP devices is very low, typically a fraction of percent for each
well. As a results it is essential to optimize this parameter. Not only the magnitude of the
absorption is critical, but so is it spectrum. The absorption spectrum of QWPs is usually
very sharp and they are designed to operate at a specific frequency. The absorption of one
well is expressed by:

e2hNop sin?é AFE
= n 2.22
() Amegn,mec cos b ; hi (Eyp — hw)? 4+ (AE)? (222)

In this equation, h, m,., ¢ and n, are respectively Planck constant, the electron effective
mass, the speed of light and the refractive index of GaAs. At optical frequencies n, = 3.3
for GaAs. Nsp is the sheet doping density calculated with equation 2.4. AF is a parameter
that reflects the broadening of the energy states (we assume the usual value of 10 meV), ¢
is the incident angle of the light. We assume to be using a 45° facet (0 = 45°) configuration.
E,,, is the energy spacing between the ground and the n'" state and f;, is the oscillator
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strength between the ground and the n™ state, defined in a first approximation by:

o 2TneEl,n

T 2 ) (2:23)

fin
U, is the wavefunction associated with the i state and 2 is the position operator. This
equation holds when the effective mass of the electrons is constant across the barrier. A
more detailed calculation has been used taking into account the effective mass nonparabolicity[100]
as mentioned in section 2.2.2. It yields slightly lower oscillator strength compared to equa-
tion 2.23.
The total absorption of a structure with N wells is n = Z n' = N7 if we assume all the

(2

well to be identical.
From equation 2.22 we can identify the main parameters that affect the absorption.

e The parameter showing the most immediate dependence is the doping Nsp. The
dependence of the absorption on the doping is linear. Even though is seems favorable
to increase Nop, we will explain in section 2.5.4 that an optimum value should not be
overcome. In fact, it would increase the dark current and thus reduce the detectivity
or the maximum operation temperature.

e The next parameter having an impact on the absorption is the oscillator strength
between the ground state and the higher energy states fi,>2. From equation 2.23,
it linearly depends on the optical transition energy, making it harder to reach lower
frequencies, and the spatial overlap of the wavefunctions associated with the optical
transition. If we target a specific wavelength, we can only exploit the wavefunctions
shape, which means vary the potential shape. This is the approach that we followed
in section 3.2: we took advantages of the MBEs to tailor the potential and tune the
parameters.

e Finally, the linewidth of the spectrum is determine by the parameter AE that repre-
sents the energy states broadening. This absorption linewidth has been allocated to
the roughness and phonon scattering after both theoretical and experimental investi-
gations by Unumal[l01, 102]. Throughout this project we assume that AE = 10meV,
we also sometime choose non-realistic very small values (below 1meV) to identify
clearly the role of each optical transition as regards the absorption spectrum.
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2.5.2 Dark Current

Different models has been developed to estimated the dark current. Monte-Carlo, rate
equations, 3D carrier drift, emission-capture models, self-consistent drift-diffusion and self-
consistent emission-capture has been used with some success. We decided to focus on the
emission-capture and 3D carrier-drift model as they are the only model that has shown
good results in the THz range. Nevertheless, even within the framework of this model, no
definitive agreement has been accepted as regards some parameters.

The total dark current can be expressed has:

o= [ BV fen(E)DE)E (2.24)

Eq

where E is the ground state energy, p is the density of states and frp(F) is the Fermi-
Dirac distribution. D(F) is the transmission probability. In our case, we just have one
bound state in the well, then we can simplify this expression into:

f 2.25
Ja= h2L / ro(E)D(E)AE (2.25)
In fact, the 2D density of states is glVGIl by

me Me
P P2D Th2L En ( n) Th2L ( 6)

H is the Heaviside function, m,. the effective mass and A the Planck constant. No general
consensus has been reached as regards the value of L. According to Levine[l03], Liu and
Schneider[31], L = L, = t,, + t; is the period of the MQW region. Nathan[l0] considers
it is only the well width ¢,, as it is not possible to decrease the dark current indefinitely by
increasing the barrier thickness.

Dark current can be decomposed in three different components: interwell tunneling j,,
tunneling assisted thermionic emission j;,; and direct thermionic emission jy:

jd = jtu + jtat + .jth (227>

The interwell tunneling is taking place between the ground states of adjacent wells, tun-
neling assisted thermionic emission is when an electron from the ground state reach the
continuum after tunneling through the barrier and direct thermionic emission is when an
electron gain enough thermal energy to jump direct from the ground state to the contin-

29



uum. Those dark current mechanisms are pictured in figure 2.7. Those leakage path for
the current are pictured in figure 2.7.

— ® @ Interwell tunneling

(2 Tunneling assisted thermionic

%X@ Direct thermionic

\

— )

\

Figure 2.7: Dark current mechanisms in a QWP.

According to Nathan[104], the tunneling dark current can be expressed as:

evmeD(El) 1+ exp (Ef/k}bT)
———kI'In
wh2ty, 1+exp((Ef—eV))/kT)

This equation takes into account both interwell tunneling and tunneling-assisted thermionic
emission.

The direct thermionic dark current is caused by the electrons distributing above the barrier.
For those electrons, D(E) = 1 as they belong to the continuum. The direct thermionic
dark current then write:

(2.28)

Jtun =

evmy, [T

= — E)dE 2.29

Jn =L ), frp(E) (2.29)
evk,T In (1 + exp (%))

- e (2.30)

D(FE) is the transmission probability and has been calculated in the framework of the
WKB approximation. In the case of an ideal square well potential, we obtain the formula
presented in table 2.1 for an electric field F.

The calculation of D(F) in the framework of the WKB approximation is detailed in
appendix B for arbitrary potential shapes. It is exponentially dependant on the barrier
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Energy E transmission probability D(E)

4 2
E<Vy—eFL, |exp { (——> o1V, — B2 — (V, — E — eFtb)3/2]}

el h
4 \/Zmb
Vo—eFL,<E <YV, exp K—SG—F> (Vi - E)?’/ﬂ
E >V, 1

Table 2.1: WKB approximation of D(E)

thickness t,, and as a result so is the tunneling dark current. This will be illustrated in
subsection 3.1.2. V is the voltage drop across the barrier and v is the drift velocity related
to the electric field F' by:

M(T)F
\/1 + ( F/vsat)

For the mobility p(7T") we used the values reported by Tan[30] as well as his derivation
of the total dark current:

_ emb mbka/ E)dE (2 32)
da RV 2m 1+exp((E— Ey)/kT) '

One goal to achieve when designing the QWP is to keep the thermionic dark current higher
than the tunneling component in order to avoid bottom-out effect. This challenge will be
develop in section 3.1.2.

(2.31)

2.5.3 Photocurrent

The total photocurrent is given by:

Iphoto = enq)gphoto = 67@ D (233)

Np.
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Pe

where gphoto = is the photoconductive gain, p. and p. are respectively the escape and
C

capture probabilities:

Trelax
P — 2.34
P Trelax + Tesc ( )
Ttrans
= —trans 2.35
P Ttrans + Te ( )
(2.36)

Each well is creating a photocurrent:
i;hoto = e(I)anle (237)
The total photocurrent is deduced to be:

[photo = €¢ngph0to (2 38)

Gphoto = Pe/ND. is the photoconductive gain and ¢ the number of incident photon per unit
time. From this equation, we can see that we can maximize the photocurrent by increasing
the absorption and the escape probability. This explains why we have to use bound-to-
quasibound devices. With a bound-to-bound transition the absorption is high, due to the
strong oscillator strength, but the escape probability is low as the electron have to tunnel
through the barrier to reach the continuum. The opposite takes place with a bound-to-
continuum QWP: the escape probability is maximum but the absorption is low as the
excited state is not localized. A new structure relying on many-body effects is described
as device S03 in section 3.2 to finely tune this trade off between optical absorption and
electronic escape from the well to the continuum.

As an example we estimate the evolution of the photocurrent with the capture probability
p. for a THz QWP designed to absorbed a light of energy 10 meV. The one well absorption
is ranging from 0.01% to 0.1% (typical values for a THz QWP) with a step of 0.01%. The
pixel size is taken to be 100 pm x 100 pum = 10~* em?. To calculate the incident number
of photons per unit time we consider a laser with an output power of 1 mW, achievable
with actual THz QCLs. The resulting photocurrent is shown in figure 2.8. We can note
the linear dependence of the photocurrent on the absorption. The expected currents range
between approximately 100 pA to 1 mA. It agrees with the responsivity reported in the
literature[79)].
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Figure 2.8: Evolution of the photocurrent with the capture probability for different ab-
sorptions.

2.5.4 Macroscopic figures of merit: Responsivity and Detectivity

Two main factor of merits are usually calculated to quantify the QWP performances: the
responsivity and detectivity. They translate the microscopic and mesoscopic parameters,
such as the energy states position, the absorption and the dark current, at the macroscopic
scale. A better understanding and a formal derivation of those quantities allow us to iden-
tify the parameters that we have to optimize to improve THz QWP performances. They
have been widely studied and derived in the past, more information can be found in the
literature[51].

Responsivity
The responsivity measures the amount of photocurrent /., that can be generated for a

given input enlightenment energy hr¢, where h is Planck constant, v the photon frequency
and ¢ the number of incident photon per unit time and n(\) is the absorption spectrum.
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It is calculated with:

[ oto
R()) = ﬁ (2.39)
e
= 51N Gphoto (2.40)

In the case of a bound-to-quasibound (or bound-to-continuum) device, we have p, ~ 1 and
then by measuring the responsivity we can experimentally deduce the capture time p. from

equation 2.40:
e 1

~w''NR

where N is the number of wells in the active region.

Pe (2.41)

Detectivity

Even tough the responsivity gives valuable information on the detector performances, it
fails to take into consideration the amount of dark current. The detectivity links the
responsivity R and relevant dark current processes. For a detector of surface A, it is

defined as:
D*=R é (2.42)
S
S = 4eglari is the dark current power spectral density (we assume that the gain is close
to the photoconductive gain: ¢ = gphoto)-

Depending on the operation temperature, the main source of dark current is different.

e At high temperature the dark current primarily rises from the detector active region.
The electrons are excited from the ground states of the wells to the continuum not
by absorbing a photon energy but by gaining thermal energy. In this case, we can
write the detectivity depending either on the 2D or 3D concentration of electrons
above the barrier (respectively N3 and Ng2):

. A Te
et 2he N\ N&L,
_ i 77 Tscatt

2he VN \ Ngb

(2.43)

(2.44)

In those equation, 7. is the electron capture time in the well and 7.4 is the electron
scattering time to the continuum. The 3D concentration of carriers above the barrier

34



is usually written as:

mkaT 3/2 he Ef
N =2 — 2.4
3D ( 27h? ) P\ ks | RAT (245)

Where A, & 1.1Apeqr is the cut-off wavelength and E the Fermi level.

It has been shown that D}, oc Efexp(—FE;/2kgT), as a consequence D}, is maxi-
mized when Ey = 2kgT (in order to have 0D},,/0E; = 0). It imposes a value for
the doping as it is related to the Fermi level by:

meE f
2D = o (2.46)
e At low temperature, typically below 15K, the detector dark current becomes smaller
than the noise induced by the fluctuation of the photocurrent caused by background
photons. This is the background limited performance, or BLIP, regime. The sen-
sitivity of the detector is optimal under BLIP conditions. The critical temperature
for which the dark current equalizes the background photocurrent is called the BLIP
temperature, written as Tgr;p. If we want to maximize Tgrrp, we have to verify the
condition £y = kgT. In BLIP condition, the detectivity becomes:

A cak Npeak
Diyppp = Sk, [ reak 2.47
BLIP 2hC (bback ( )

In this expression, Apeqr and 7,eqr are respectively the peak absorption wavelength
and value, @pqer is the flux of photon emitted by the background per unit area that
impinges on the QWP. Equation 2.47 shows that the only free parameter we can
tune to optimize Dy ;p is the peak absorption 7.k, as we usually target a specific
wavelength and the background photon flux is imposed by the operation environment.

According to the definition of Tsy;p, which is the temperature for which the photocur-
rent generated by background temperature equals the dark current, we can estimate it by
finding the temperature for which the photocurrent generated by the background photon
equalizes the device dark current. It verifies:

moksT\*? he E;
=92 — 2.4
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where 7),, is the absorption of one well. We know that 7, is linearly proportional to the
doping, and then the Fermi level. We deduce that we have the maximum BLIP temper-
ature when Fy = kgT. We refer the reader to the literature for further detail on this
calculation[31].

In this chapter we derived a model to estimate the main parameters translating the
performances of QWP devices. Within our framework, we can calculate the potential
taking into account the MBEs, the energy states, the absorption, the dark current and
photocurrent, the responsivity and detectivity and the BLIP temperature. This model can
be used to simulate existing structures or to design new optimum structures. For example,
in the next chapter we will use it to present new designs and show that we can benefits from
MBESs to improve the device performances. We also discussed the impact of the top metal
coverage on the absorption and showed the important difference between the infrared and
terahertz cases.
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Chapter 3

Simulation results

3.1 Device Optimization

3.1.1 Well width

The THz QWPs in this study are based on the GaAs/Al;Ga;_(As material system, in
which GaAs is the quantum well layer and Al,Ga;_,As is the barrier layer. The main task
of THz QWP device design is to find the optimum well width for a given barrier height
to maximize device detectivity at a design frequency. It is defined as the well thickness
at which the first excited state in the well is in resonance with the top of the energetic
barrier, under no bias condition. First, we calculated the the optimum well width for a
given barrier height by using the ideal square potential only and ignoring the many-body
effects. In a second step, MBEs were included in simulations to obtain self-consistent
new wave functions and energy states and determine the optimum well width for each Al
fraction. MBEs that are taken into account are detailed in subsection 2.2.3.

Figure 3.1 shows the correlation between Al fraction and well thickness when only the
ideal potential (black curve) is taken into account as well as the corresponding absorption
frequency (black values). The corrected peak absorption frequencies are written in red
in figure 3.1. Peak absorption frequency is blue shifted after taking MBEs into account,
agreeing with Graf[88]. The blue shift is slightly overestimated because the simulation
does not include the exciton effect on the intersubband transition, which tends to red shift
the absorption frequencies. Simulations also show that the first excited state becomes
off resonance with the top of the energetic barrier under the influence of MBEs, thus
significantly elongating carrier escape time and reducing photocurrent. To re-install the
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resonance, new optimal well width needs to be identified in the context of MBEs. The
blue curve in figure 3.1 shows this revised well thickness along with the corresponding
corrected peak absorption frequency. MBEs render the quantum well effectively deeper,
thus a narrower well is needed to raise the first excited state so as to re-align with the
barrier top.

0.035/45.69 5.03 — 5.82
Kse 4.89 > 567
0.03r . .
= Optimum well width
2 including MBE
€ 0.025¢ . _
< Optimum well width
S without MBE
c L
g 002 2.73 —> 35
3 Including MBE
w >
0.015 2.31 3.06
1.87—>263
2.2
0.01
| | | | | | | 144 |
120 140 160 180 200 220 240 260

Well width (A)

Figure 3.1: Optimum well width without and including MBE. Absorption frequency is

indicated without (black) and including corrections (red). Doping is 4 x 10'® em ™2

For example, at Al fraction of 1.5% one can note that the optimum well width is
reduced from 213 A to 157 A before and after the consideration of MBEs. For a device
with 23 modules[105], this well-width reduction means that total growth would be 1288 A
less or an extra module (1108 A) can be fit in within the same target device thickness to
increase the total absorption.

To better understand the impacts of doping density, designs with different sheet doping
densities ranging from 10° em™2 to 10 em™? are simulated. The results are shown in
figure 3.2. As expected, larger correction to the peak absorption peak is observed at higher
doping densities. For commonly-used doping densities (mid-10'" ¢m™2) and Al fraction
(1% to 3%) the peak absorption frequency is blue-shifted by up to 20% before and after
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considering . As the doping concentration increases to 10" em ™2, this blue shift becomes
more prominent (dotted vs solid curves in the inset of figure 3.2).
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Figure 3.2: Evolution of Hartree, exchange-correlation potentials amplitude and depolar-
ization shift with doping. Inset: Peak absorption frequency without MBE and with MBE
for each fraction of Aluminum and different doping concentration.

The red curves in figure 3.2 shows the contribution of each part of many-body effects
to the correction of intersubband transition energy (proportional to the peak absorption
frequency shift). It represents the magnitude of Vi and V. as well as the depolarization
shift defined by:

ABgy = By — By = By (\/1 Ta-— 1) (3.1)

In this equation, Fj, is the optical transition energy when taking the depolarization into
account and Fy is the transition energy without, « is the depolarization coefficient given
by equation 2.10.

Exchange-correlation is shown to be the dominant effect, especially at low doping densities.
The figure shows MBEs are clearly playing an important role in THz QWP designs, espe-
cially for low barrier heights. In this case Vg and V. tend to be comparable to, and even
greater than, the natural conduction band offset (intrinsic energetic barrier height). An-
other important impact of the many-body effects is the energy state burying. In fact, the
first excited state is below and thus lose its alignment with the top of the barrier because
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of the additional Hartree and exchange-correlation potentials such as pictured in figure
3.3. This causes the wave functions to decay much faster in the barrier and increases the
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Figure 3.3: Potential and wavefunctions with (solid lines) and without (dashed lines) taking
into account the MBEs.

oscillator strength by 60-70%. On the other hand, carrier escape time is much elongated,
and as a result photocurrent decreases drastically. To address this issue, the well width
has to be decreased to bring the excited state back to resonance. The left curve (blue) in
figure 3.1 shows this new optimum well width.

3.1.2 Barrier width

In THz QWP[79] as in QWIP, the thickness of the barrier is of critical importance as
regards the dark current. The thicker the barrier is, the smaller is the tunneling probability
and then the tunneling component of the dark current. If the barrier is too thin, the
tunneling component can become predominant compared to the direct thermionic emission.
In this case the dark current does not decrease when we lower the temperature below a
specific value. This is the "bottom-out” phenomenon[78]. In this situation, the device
may not reach BLIP operation. In fact, the dark current is exponentially dependent on
the temperature as we can see with equation 2.32, whereas the tunneling component is
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constant with temperature. To avoid such a bottom-out behavior, a rule of thumb is to
keep the simulated tunneling component one order of magnitude below the estimated dark
current.

We represented on figure 3.4 the dark current and its tunneling component for barrier
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Figure 3.4: dark current density and it tunneling component for barrier thickness varying
from 400A to 1000A with a step of 100A.

thickness ranging from 400A to 1000A with a step of 100A at a temperature of 7K.

From the figure, we verify that the thermionic emission is constant with barrier thickness
for a barrier thickness greater than 600A. While increase the barrier thickness from 400A
to 1000A, the tunneling dark current density is reduced from 7.6 x 1072 A/em? to 1.2 x
1077 A/cm?, or more than 5 orders of magnitude. The value of 700A appears to be a critical
thickness for the barrier, below it the tunneling is more important than the thermionic
emission and bottom-out phenomena will definitely occur.

As the barrier thickness is very large for THz QWP, the energy states of the neighboring
wells are not coupled and then are not affected by the barrier thickness. If we reduce
the barrier thickness, this assumption does not hold anymore. This explained that the
thermionic emission for the two thinnest barriers (400A and 500A) is higher.
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3.1.3 Operating temperature

Due to the shallow potential barrier which is typically around 25 meV, many parameters
are very sensitive to temperature. In comparison, for a temperature of 11 K, kgT ~ 1 meV.
This is especially noticeable with the dark current and the detectivity.
A correct estimation of the dark current dependence on the temperature is important to
understand the behavior of the device at low temperature. For example it is required to
estimate the detectivity at a given temperature or the BLIP temperature. As mention in
subsection 3.1.2, the tunneling component of the dark current is weakly sensitive to the
temperature unlike the thermionic emission which strongly depends on the temperature.
Figure 3.5 represented the dark current as well as its tunneling component for temper-
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Figure 3.5: Tunneling and thermionic components of the dark current for a temperature
dependant and a constant mobility for temperatures varying from 7K (black) to 20K (red)
with a 1K step.

atures from 7K to 20K with a step of 1K (red is for higher temperatures and black for
colder temperatures).

If the mobility is assumed to be constant, as we expect from low temperature GaAs
[106, 107], important discrepancy with the experimental data is faced. The usual value that
is chosen in the literature is p = 1 x 10* cm®Vs™'. The resulting dark current is displayed
in figure 3.5 a). As expected, we find that the tunneling component is independent of the
temperature. Nevertheless the thermionic emission is importantly overestimated for high
temperatures (7' > 12K) and underestimated for low temperatures (7' < 11K).
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Tan reported that the multiple quantum well structure may introduce a temperature de-
pendent mobility. As a consequence, he used the mobility as a fitting parameter to match
the experimental data[30]. After reproducing his results, which are not taking the MBEs
into account, we use this value of the mobility to estimate the dark current components.
Results for both thermionic and tunneling components are reported in figure 3.5 b). The
values for the dark current (solid lines) now match the experimental data. Furthermore, the
tunneling component decreases by two orders of magnitude as the temperature increases
from 7K to 20K. Nevertheless we can not entirely rely on this model for the mobility to
design new structures. In fact, it has not been validate by other experiments involving
different devices. In addition it would make the mobility changes over more than one
order of magnitude, from 5.3 x 10* cm?Vs™! to 1.2 x 10® em®Vs™!. This is very far from
the expected constant value of g = 1 x 10 em?Vs™ for a small range of temperatures.
Resulting simulation of the dark current using this model for new designs will be reported
in subsection 3.2.4.

The detectivity is also very sensitive to the temperature. We simulated it for wavelengths
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Figure 3.7: Evolution of the 3D thermally
activated electron density above the bar-
rier with cut-off frequency for temperatures
varying from 5 to 20 K with a 1 K step.

Figure 3.6: Evolution of the detectivity
with cut-off frequency for temperatures
varying from 5 to 20 K with a 1 K step.

ranging from 50 um to 200 pm. The resulting detectivities are shown in figure 3.6. The
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important and quick decrease of detectivity with the temperature is strongly correlated by
the number of electrons thermally excited to the continuum. Their evolution is represented
in figure 3.7 depending on the wavelength of absorption. The higher the target wavelength
of absorption, the shallower is the barrier, and the easier it is for the carrier to escape to
the continuum because of thermal energy. For this estimation, we assumed that we have
23 modules of length L, = t,, + ¢, = 200 4 951 = 1151 A, a capture time of 7. = 5ps, an
absorption of 0.03% for each well and an optimum doping inducing £y = 2kg7. Within
those approximations and in order to give a comparison, we obtain the same detectivity
for a THz QWP with a cut-off wavelength of 80 um at 5 K and a QWIP with a cut-off
wavelength of 14 um at 80 K. For a cut-off wavelength of A.,; =~ 110um the detectivity
decreases from 1.375 x 107 cmv/Hz /W to 266.9 cmv/Hz /W when the temperature increases
from 5 K to 20 K. A more accurate estimation should calculate the real capture time taking
into account all the scattering processes, and the fact that the well width, barrier thickness
as well as the absorption are not constant for different wavelengths.

Finally, we estimated the BLIP temperature of device V267[105] as we can compare our
model to the experimental value of Trrp ~ 12K[30]. For our calculation we used the
reported values of 7, = 0.16%, Ayt = 1.1 X Apear = 1.1 X 80pm = 88um and we assumed
7. = 5 ps, typical value for QWIPs (not measured yet for THz QWPs)[0]. Left-hand and
right-hand side of equation 2.48 are shown in figure 3.8. The intersection of the curves gives
Tprip. For our example we find Tzr;p = 9 K which is to compare to the experimental
value of Tgrrp = 12 K. This is a satisfying result given the simplicity of the model and
our assumptions.
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Figure 3.8: Density of carriers in the continuum excited by the background photons (red)
and responsible of the device dark current (blue).
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3.2 New Designs

3.2.1 Potential calculation

As seen in section 3.1.1 the many-particles effects have a dramatic impact on device perfor-
mance of THz QWPs. By changing the doping distribution, the effective potential profile
can be engineered to exploit MBEs and new device structures with improved performance
is thus proposed and designed.

Device || ty (A) |t (A) | X | Laop (A) | Lepace (A) | fans(THz)
S01 157 | 951 [1.5] 100 0 2.72
S02 180 | 951 |[1.8| 100 | 3.8xLgy, | 277
S03 200 | 951 |1.9| 200 4% Lop 2.87
Ideal 188 | 951 |[1.9| 100 0 2.73

Table 3.1: Studied designs, Nop = 4 x 10 em ™2 for all devices

Three THz QWPs designs with different doping profiles are designed with a target peak
absorption frequency around 2.75 THz. Their design parameters are summarized in Table
3.1. S01, S02 and S03 are doped respectively in the center of the well, into and further
into the barriers. For comparison, a fourth THz QWP (Ideal) was also simulated without
MBEs. Their effective potentials and the lowest two wavefunctions are plotted in figures
3.9 to 3.12.

Those figures show the additional MBE potentials deviate the effective potential profile
substantially from the ideal square potential (see figure 3.9 and 3.10). By splitting the
dopant profile into two parts and move them symmetrically into the barriers, the devi-
ation in potential profile can be substantially reduced (figure 3.11). In fact, V. is not
changing as it depends mainly on the ground wave function, whereas V becomes positive
in the center of the well when moving the doping out of the well and into the barriers,
thus compensating for V.. The total effective potential is therefore modified back to the
ideal square potential. If the doping profile is shifted further into the barriers (S03) Vg
can overcome V. in the barrier, thus creating potential bumps close to the well as shown
in figure 3.12. Then the structure could behave like a double barrier QWP[108] without
having two barriers with different Al concentration, which simplifies the growth process.
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Figure 3.11: Potential of the design S02. Figure 3.12: Potential of the design S03.

3.2.2 Absorption spectrum

The absorption spectrum has been calculated for each structure under a bias of 1.5 x
10* V.m ™! and is represented in figure 3.13.

From this figure, we verify that the design peak absorption frequency is around 2.75
THz. The peak absorptions are slightly off 2.75 THz as the optimization of the well widths
has been done at zero bias condition. Indeed the peak absorption frequency is not constant
as the bias applied to the device increases. Figure 3.14 shows the dependency of the peak
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Figure 3.15: Evolution of the absorption with the electric field for each studied structure.

absorption on the electric field. We can notice that the absorption is lower than the ideal
case when we include the many-body effects (S01). This is attributed to the fact that
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the wavefunctions are more weakly confined as the potential barriers are thinner. S02
brings the peak absorption back to a value comparable, and even slightly higher than
the ideal structure. This is because the potential barrier of S02 is very close to an ideal
square barrier. The wavefunctions are then similarly confined for the both structures, thus
resulting in a comparable oscillator strength and absorption. For the ideal structure as well
as for SO1 and S02, the absorption quickly converges to a stable value. Both S03 absorption
and peak absorption frequency appear to be highly electric-field dependant. Actually, the
wavefunction shape is strongly determined by the position of the energy state compared
to the potential bump. Three cases can be distinguished:

e The excited energy state is below the potential bump. In this situation, the state is
well localized inside the well in a similar way as with a square barrier.

e The state energy is located between the bottom and the top of the bump. In this
case, special attention has to be given to the design. For specific well width, the
wavefunction can be mainly localized between the right and left bumps of two adja-
cent modules, outside of the well. It would drastically reduce the oscillator strength
and consequently the absorption.

e The energy state is above the bump, in the continuum. The results are then similar
to bound-to-continuum devices.

If we want to maximize the confinement of the wavefunction, the energy state should be
at the bottom of the bump. To rise it to higher energy allows to find a trade off between
the absorption and the escape probability. In this sense, the potential bumps can be used
similarly to the extra barriers of the double-barrier QWIP[10g].

The evolution of the absorption with the electric field is represented in figure 3.15. Several
observations can be made from this figure. First the ideal structure absorption is constant
and equals to 2.4 x 107%. If we assume that we have 25 wells in our device, it yields
a total absorption of 0.625%. This is a small value compared to QWIP that typically
reach absorption around 25% but it agrees with the literature. The only restriction on the
tuning of peak absorption frequency is the limitation of the growth quality. In fact, we
assume that the smallest variation of the fraction of Aluminum that we can achieve with
a good control is of 0.1%. As we have to change the well width to keep the excited state
in resonance with the top of the barrier, it induces a discontinuous variation of the peak
absorption frequency. For example, if a fraction of aluminum X yields a peak absorption
frequency of f; and the fraction X, = X; + 0.1% a frequency f, the frequencies between
f1 and f> will not be reachable.
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3.2.3 Transmission probability of the barrier

The transmission coefficient D(E) is a key parameter in the value of both the interwell
tunneling and tunneling-assisted thermionic dark currents. This dependence is highlighted
in the definition of the dark current by formula 2.24, and more specifically for the tunneling
component by equation 2.28. We can note that the tunneling dark current is linearly
proportional to the transmission coefficient. Considering that it varies over a broad order
of magnitude range (typically from very small values, around 10~'* — 107!, to unity), it
is critical to achieve an accurate estimation of this coefficient. It is even more challenging
as no simulation results as been reported for the transmission coefficient of QWP with
non-squared potential barriers. Therefore, we chose to confirm the procedure described
in appendix B with the ideal square potential barrier corresponding to the ideal structure
detailed in table designs. In figure 3.16 we superimpose both the theoretical and numerical
curves obtained respectively in solid red and blue circles.
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Figure 3.16: Comparison between the theoretical (solid red) and numerical (blue circle)
calculation of the transmission coefficient with the WKB approximation (left side). The
difference is represented in solid black with the right axis.

The values of the transmission coefficient are given on the left axis and span from

~ 107" to 1. We do not start to calculate D(E) at E = 0 but at £ = E; = 5.82meV.
In fact, the density of states below Ej is zero, there is no electron to tunnel through the
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barrier. As a consequence the knowledge of D(E < E) is not required. On the right-side
axis, we report the absolute difference between both approaches and represent it with the
solid black curve. Good agreement is reached between the two estimations.

Our procedure being ascertained by this verification, we can calculate the transmission
coefficients for the new design proposed in table 3.1. We represented them together in
figure 3.17.
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Figure 3.17: Comparison between the transmission coefficients numerically calculated with
the WKB approximation for the proposed designs.

In light of this figure, several observations can be done about the transmission coefficient

D(E):

e it is importantly underestimated if we don’t take into account the MBEs. D(FE)
increases by more than one order of magnitude when the MBEs are included in the
simulation (Do (E < V) > D;j(E < V;)). This is because the effective barrier
thickness becomes smaller at the top of the barrier.

e the slope of Do (E < 0.9V}) is larger than D;g(E < 0.9V;). The fact that the effective
barrier thickness decreases with energy for structure SO1 explains this trend.
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e by shifting the doping to the side as with structures S02 and S03, we reduce D(FE)
and its derivative away from V} back to a value comparable to the square potential
barrier. Here again it is because the effective barrier width is almost constant with
energy and close to the ideal design.

e the differences between D;4(E), Doo(E) and Dg3(E) are located close to their re-
spective barrier heights V,, as in the case for their potential. As an example, the
potential bumps on S03 barrier’s sides make Dy3(F) reaches unity slower, translated
by a lower slope close to Vj,, compared to the ideal case.

We will see in subsection 3.2.4 that the impact of the transmission coefficient on the dark
current is justified.

3.2.4 Dark current

The total dark current as well as its interwell tunneling component at 7K of the four
structures in Table 3.1 were calculated and the results are plot in figure 3.18. As a rule of
thumb, the tunneling component of the dark current should be kept sufficiently low (i.e.
about one order of magnitude below the total dark current) to avoid bottom-out effects[75].
From the figure, one can note that this rule is satisfied in the ideal square potential case
where MBEs are not included in the simulation. When the MBEs are included and the
doping profile remains the same (such as S01), both the total dark current and its tunneling
component are drastically increased, leading to deteriorated device performance. The
overall effective potential in S02 is getting closer to the ideal square potential, thus its
tunneling current component is reduced comparing to SO1. Shifting dopant further apart
into the barriers in S03, the tunneling component is further reduced to a level that is very
similar to that of the ideal square potential case. More importantly, the total dark current
in S03 is now lower than that of the ideal case, partially to its effective double barrier
potential profile. According to section 3.2.2, the absorption is similar for SO1 and S03, but
the dark current of S03 is one order of magnitude lower than that of SO1. As a result, the
detectivity of S03 will be at least three times as that of SO1 (D o n/\/Jdark)-

We can note that the correlation between the dark current and the transmission coefficient
that we expect from subsection 3.2.3 is justified.

In the light of this results, we can underline another consequence as regards the design of
the barrier thickness. In fact, if we compare S02 dark current and the tunneling component
we can see that the later one is lower by more than one order of magnitude. It means that
the barrier is unnecessarily thick and it length can be reduce. By doing so, we can either
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Figure 3.18: Total and tunneling part of dark current at 7K. By shifting the doping, we
decrease the dark current by one order of magnitude.

reduce the total length of the device or fit more wells inside the active region without fear
of experiencing bottom-out effect at lower temperatures.

3.3 Limits of bound-to-quasibound QWP and future
designs

3.3.1 Very low frequency QWPs

One challenge for the next generation of QWIP is to reach lower frequencies of absorption.
In fact it becomes very difficult to efficiently design devices targeting peak absorption
frequencies below 3 THz for several reasons.

The first hurdle we meet when lowering the absorption frequency is related with the height
of the barrier. In fact, as the excited state as to be in resonance with the top of the barrier,
the potential becomes very shallow. This has different drawbacks related with the design
and fabrication.
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e The control of the aluminum fraction and migration during the growth is even more
critical. To reach very long wavelength, typical fraction of aluminum is below 1%.

e The barrier being lower, thermionic emission is easier which causes an important
increase of the dark current. To reduce this thermally-activated dark current to
a practical value, the device has to be cooled down to lower temperature. Liquid
Helium is reaching its limits and other cooling systems have to be taken into account.
Nevertheless, these systems are bulkier, more expensive and more difficult to set up,
which shifts further away THz QWP from commercial applications.

e The absorption is also importantly lowered. In fact, according to equation 2.22 and
2.23, the absorption of each well linearly depends on the doping and the energy of
the optical transition with are both diminishing. In addition the barriers and wells
thickness are increased, as a consequence less wells can be used as we do not want to
increase the total width of the device. It results an additional reduction of the total
absorption.

e In relation with the decrease of those parameters, we have seen in subsections 2.5.4
and 3.1.3 that the detectivity decreases exponentially as the wavelength of detection
increases.

Another concern is that when we target such low frequencies of absorption, it can be
hard to even reduce the height of the potential barrier because of the many-body effects.
Indeed, the MBEs introduce a potential that is superimposed to the ideal square potential.
This effect is maximum is we uniformly dope the center of the well. To illustrate this
limitation we simulated a non-realistic device with a well width of 280, a barrier thickness
of 951, an aluminum fraction of 1% and a sheet doping density of 4 x 10" cm™2. We
calculate the potential without including the MBEs and taking them into account with
a uniform doping in the center of the well and inside the barrier. Results are shown in
figure 3.19. If the doping is in the center of the well, as it is usual with the THz QWPs
presented in the literature, the accumulated additional potential introduced by the MBEs
is around 4.93meV whereas the ideal potential barrier is 9.06 meV. In other word, the
barrier height is increased by 54.3%. If we adopt the strategy developed in section 3.2 and
shift the doping to the barrier we can reduce this discrepancy. The extra potential added
by the MBEs is now only of 0.84 meV, or 9.32% of the ideal barrier.
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Figure 3.19: Potentials calculated for the design presented in the text box, without includ-
ing the MBEs (blue) and with them, doping being either in the center of the well (red) or
in the barrier (black).

3.3.2 New designs

The very shallow barrier appears to be a problem as seen in the previous part. This limita-
tion is inherent in the actual THz QWP and QWIP structure. Innovative devices have to
be develop in order to alleviate this issue. In this section, we study the possibility to adapt
designs used in the infrared region, and mentioned in section 1.3.2, to the terahertz range.
The potentials, energy states and wavefunctions of three of them have been simulated: the
THz QCD and the bound-to-miniband and phonon-assisted band-to-miniband THz QWP.
For those devices, the barrier is much higher than for a standard THz QWP. In fact the
fraction of aluminum is varying from 8% to 15% compared to 1% to 3% for a THz QWP. In
particular it induces that the impact of MBEs is much less in comparison with the shallow
barriers THz QWPs.

Terahertz Quantum Cascade Detectors

A first alternative is to turn to the THz QCD. In fact it has been the first design proposed
to sense THz radiation with a MQW structure, reported by Graf et al[61]. They achieved
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a good detectivity (5 x 107 cmvHz/W) despite the low responsivity (8.6 mA/W) and
managed to detect signals up to 50 K.

For the device we simulated, the layers are (in A): 24/ 300 / 35 / 140 / 50 / 155 / 40 /
172 / 38 / 190 / 36 / 220 where barriers are in bold characters. The aluminum fraction
is x = 15%. The resulting potential and wavefunctions of one module are plotted in figure
3.20. The energy of the optical transition is 14.39 meV (3.48 THz).

The optical transition happen between the states A7 and B1, the excited electron then
cascades along the states Bl to B7. For the QCD operating in the infrared range, the
transition between two states of the cascade relies mainly on LO-phonon transition. Nev-
ertheless, the energy of the optical transition is below the LO-phonon energy for terahertz
absorption. It is typically around 5-15 meV whereas the LO-phonon energy is of 36 meV
for GaAs . Then, this cascading is taking place by electron-electron scattering which is
much slower than the LO-phonon scattering, as a result it is difficult to efficiently extract
the electrons from the excited state B1 to the next ground state B7.

The greatest advantages of this structure is that it can be operated at zero bias, as a con-
sequence the dark current is much lower leading to higher potential maximum temperature
and better detectivity (despite a lower responsivity). In addition, the continuum does not
have to be taken into account as the transitions always occur between bound-states. It
greatly reduce the complexity of the modeling. We also benefits from the work done on
QCL as they have a nearby operation principle and theoretical modeling. However QCDs
are facing a lower quantum efficiency compared to QWIPs. QCD theory has been recently
studied by Delga[109, 110].

Bound-to-miniband THz QWP

Another design that has been tried in the infrared range is the bound-to-miniband active
region. We have adapted this scheme to the THz range and propose a design for THz GaAs
bound-to-miniband QWP. It is based on the following layer thicknesses for one module:
70 /320 / 60 / 195 / 70 / 195 (in A, barriers are in bold). The corresponding fraction
of aluminum are 8 /0 /8 /0.8 /8 / 0.8 in %. A different fraction of aluminum has been
used for wells that are not involved in the absorption but only in the carriers transport in
order to reduce the tunneling between adjacent ground states. The resulting potential and
energy states are shown in figure 3.21 and the corresponding wavefunctions in figure 3.22.
The energy of the optical transition is between 10.8 meV and 12.5meV (corresponding to
2.61 THz and 3.02 THz). In fact, as they couple together, excited energy states are splitting
and occupy a broad range of frequency, over 1.7meV (or 412 GHz). Even more spreading
of the excited miniband is expected for realistic devices with more modules.
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miniband THz QWP representing the en- miniband THz QWP representing the wave-
ergy states. functions.

Phonon-assisted band to miniband

This innovative design is relying on a bound-to-miniband followed by a phonon transitions
and operates under an electric-field. It is closer to the mechanism of a QCL. We show in
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figure 3.23 a proof of concept device potential and wavefunctions. The layers are 318 /
85 /92 /85 /8 /85 /75 /85 /68 /85 /62 / 85 and the fraction of aluminum is
of 9%. A realistic design would require design optimization. The electron is excited from
the ground state of the larger well to the excited state of the same well, couple with a
miniband. The electron is then extracted from this miniband to the next ground state by
LO-phonon relaxation. In fact, the energy difference of the miniband and the ground state
of the next module is equal to the LO-phonon energy in GaAs , Erp = 36 meV. An issue

could be the leakage paths indicated in red, from miniband to miniband through states 2
or 3 of the larger well.
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Figure 3.23: Phonon-assisted band to miniband detector in the terahertz range.

In chapter 3 we reported the simulation results we obtained with our framework. First
we showed how to design structures with optimum well and barrier width as well as the
possibility to quantify the impact of the temperature on the performances with our model.
These results have been presented at CLEO 2013 conference[l11]. We then proposed
new designs that benefits from MBEs to reduce the dark current and thus increase the
detectivity. To our knowledge, this is the first time MBEs are used as an advantage to
design QWP devices, they are usually an obstacle that moves away the devices from the
targeted performances. We reported this principle to take advantages of MBEs to improve
the performances in Applied Physics Letters[112]. Finally, we adapted some devices that
had been used in the infrared range to the terahertz domain.
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Chapter 4

Conclusion and future work

The technologies to detect THz radiations are still underdeveloped. This is in part due
to the lack of convenient devices to emit at those frequencies, but to the lack of practical
detectors. The development of thus components would boost the use of THz technologies
for many applications, including homeland security, biomedical imaging, very high-speed
wireless telecommunications or spectroscopy. In regards to fill this "THz gap” the per-
formances of actual detectors need to be improved. Considerable progress has been made
with the development of THz QWP devices. Nevertheless, the underlying physics and
the impact of the active design on the performances remain not completely understood or
predictable.

In this thesis we reported the implementation of a framework to simulate and improve
the design of QWP devices in the THz range. Matlab code was written not only to simulate
given active region but also to find optimum design parameters. The functions that were
implemented are commented and reusable for potential future work on this subject.

We first described the working principles of QWPs. We derived one model to design
THz QWPs main parameters, especially the well and barrier thicknesses, the doping and
the fraction of aluminum. Special attention was given to the energy potential calculation
by including the MBEs. Light coupling into the devices was discussed. The profile of the
electric field power density inside the devices was estimated and shown to be totally differ-
ent compared to QWIP devices. To the opposite to actual habit, it is shown that the top
contact can cover more than half the mesa area. Finally methods to calculate the usual
figures of merit were given. It includes the absorption, dark current and photocurrent,
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responsivity, detectivity and operating temperature of the devices. Compared to models in
the literature, we were able to calculate the dark current for arbitrary potential shapes, in
particular the transmission coefficient could be calculated for non-square potentials. This
is the first time that dark current simulations for THz QWPs taking into account the
many-body effects are reported.

In a last chapter, we reported simulation results obtained within this framework and
compared them to the literature. Therefore, we were able to simulate ab initio the peak ab-
sorption frequency, the dark current and especially its tunneling component and the electric
field power density distribution in the device. We also wrote routines to estimate the ab-
sorption spectrum, the detectivity and the BLIP temperature by building on experimental
parameters reported in the literature. New designs benefiting from MBEs were presented.
They were shown to reduce the dark current by one order of magnitude and thus increase
the detectivity by three times. Relying on our simulations, we shed the light on some
limitations that will be encountered for lower peak absorption frequencies. We proposed
designs with different carrier transport mechanisms that could palliate those shortcomings.

Overall, this work showed how to more accurately model THz QWPs. Especially, pro-
gresses were made for the simulation of the dark current components. Thus, for the first
time to our knowledge the transmission coefficient was calculated for arbitrary potentials,
leading to better estimation of the tunneling and thermionic dark current paths. To be
able to include arbitrary potentials is critical when we take into account the many-body
effects. In fact, they make the potential to be non-square and thus it was not possible to
calculate the dark current with the state-of-the-art models. For the first time to our knowl-
edge, a side-doped Thz QWP design was proposed showing better performances from our
framework. Indeed, by shifting the doping we were able to change the potential by using
the many-body effects. According to our simulations, the dark current was reduced by one
order of magnitude and then the detectivity increased by a factor 3. Designs to realize
bound-to-miniband and phonon-assisted band-to-miniband are proposed for the first time.

Finally to follow the research on THz QWPs we can distinguish two directions to work
on in the future.

On the one hand, the model can be changed in order to be more accurate and to be able
to calculate more parameters. Especially, we think that rate equations and density matrix
models could lead to better results and understanding of the physics behind THz QWPs,
as it has been the case for THz QCLs. The rate equation model has been mainly studied
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by Jovanovié et al.[113, 1141] and Trinité et al.[33] for QWPs in the infrared range. To our
knowledge it has never been applied to THz QWPs. Likewise, the density matrix model
has never been used for THz QWPs. Further improvement of the model might also be
reached by taking into account the diffusion of the dopant during the growth of the device.
In fact, the doping profile has been shown to have a critical impact on the potential shape
and, as a consequence, on the design. In addition, it has been shown that QWIPs undergo
electric field domains, causing non periodicity in the potential shape, especially for the
wells close to the contacts. Deeper understanding of these phenomena would also help to
design devices with better performances.

On the other hand, samples have to be grown, fabricated, packaged and characterized
to confirm, or invalidate, our new designs. In fact, we have been able to confirmed our
model with experimental data reported in the literature for standard designs. Nevertheless
we are not sure how accurately the MBEs can be manipulated to tailor new designs.
We made THz QWP devices and their fabrication is detailed in appendix D. The device
characterization is ongoing and the resulting experimental data will be used to confirm our
simulation results in near future.
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Appendix A

Imaging experiments

A.1 Transmission mode

m > BCE ECB EZB EKT EKP 2001

Figure A.1: 20 euros banknote in transmis- Figure A.2: 50 Canadian dollars banknote

sion mode in transmission mode

In this section we report additional results that we obtain as regards terahertz imaging.
We studied in transmission mode banknotes from different countries made of various ma-
terials. In 20 euros banknote (figure A.1) we manage to identify architectural structures
such as an abbey and pillars. Through new polymer-made 50 Canadian dollars banknote,
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we resolved tower steeple, numbers and maple leaf such as indicated in figure A.2. With
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DOS PESOS
DIEZ PESOS

Figure A.3: 2 Argentinian pesos banknote  Figure A.4: 10 pesos Argentinian pesos
in transmission mode banknote in transmission mode

2 and 10 Argentinian pesos banknote, we recognize respectively the watermarked faces of
Bartolomé Mitre and Manuel Belgrano.

A.2 Reflection mode

We also conducted experiments in reflection mode. The setup is described in figure A.5.
A piece of wafer has been used to align the system. The studied sample was a 1 Canadian
dollar coin. From figure A.6 we see that we can resolve the duck. In reflection mode, the
difficulty to align correctly the system and the diffraction effects tend to decrease further
the image quality.
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Cold finger
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Cryostat

THz camera
Computer

Figure A.5: Imaging experiments setup in reflection mode

Figure A.6: Imaging experiments in reflection mode with a 1 Canadian dollar coin
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Appendix B

Transmission Coefficient Derivation
in the WKB approximation

B.1 Square barrier

We consider a square barrier potential such as pictured in figure B.1. By solving Schrodinger

Region 1 Region 2 Region 3
Wi(2)= A" | Wy(2)= A | Ws(2)= Age™
+ B1e-ikz + Bze-iKz + BSG-ikz
>
z

Figure B.1: Square potential barrier and wavefunctions corresponding to each region
equation, we find the stationary states in each region:

\111 = Aleikz + Ble_ikz (Bl)
\112 = Agemz + Bge_mz (BQ)
\Ijg — A3eik:z + B3€—ikz

65



where k = \/2m,,E/h and k = \/2m,,(V, — E)/h. We assume that there is no wave

ov
incoming from the right side (B3 = 0). We use the continuity of W(z) and 05 é;;z at
each interface (z = 0 and z = t;) to find the transmission coefficient:
A AE(V, — E
T(F) = | 22| = ot (B.4)
Al 4AE(V, — E) + Vi?sinh*(kt,)
16E(Vyp — E
~ 6 (‘/0 )e—Zth (B5)

%2

The approximation holds when we have a thick barrier (kt, < 1) and E(V, — F) <
V2 sinh?(kty).

B.2 Arbitrary barrier

Z9 —

We divide the potential in N = ! steps and assume the potential is constant over

Z
each dz subdivisions such as shown in figure B.2. Within the approximation of a thick

A V(z)
V(z)

L -
Zy Z

Figure B.2: Discretization of the potential barrier for an arbitrary shape
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barrier, we can further simplify the transmission coefficient of equation B.5 into:

T(E,Z) — ¢ 2k(=)d2 With ]{J(Z) _ \/Zm*<z> ;LV(Z) - E) (BG)

m*(z) and V' (z) are the electron effective mass and potential at position z. The probability
of finding the electron at z + dz is its probability to be at x multiply by the transmission
probability:

P(z+dz) =T(2)P(2) (B.7)
We apply the logarithm function to solve this equation, and by defining P=1In P(z) and

T=InT(z) = —2k(z)dz:
dP = P(z +dz) — P(z) = —2k(2)dz (B.8)

Which is integrated from z; to 25 to get the resulting transmission coefficient:

T(E)=In iEZ; (B.9)
= P(2) — P(z) (B.10)

_ —2/Z2k;(z)dz (B.11)

We finally deduce the transmission coefficient for the barrier:

2 \/2m,(2)(V(2) — E)
T(E)~exp | —2 /Zl - dz (B.12)

The integral is evaluated numerically for energies from the ground state to the barrier
height V,. T'(E) is set to 1 for E > V.
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Appendix C

Interferences phenomenon in the
active region

C.1 Power density of the electric field growth axis
component

In case we have a metal covering the whole device, the electric field can be written:

F, icos@sin(k,z)
F" = | F, | =2F exp (ik,x — iwt) 0 (C.1)
F, sin 6 cos(k,z)

If their were no metal but only air surrounding the devices, total internal reflection (TIR)
would happen as explained in section 2.4. Taking into account the 7/2 phase shift intro-
duced by the TIR and neglecting the phase shift caused by the expansion of the electric
field in the air, the electric field would be:

cos 6 cos(k,z)
F? = 2F exp (ik,x — iwt) 0 (C.2)

isin@sin(k,z)

If we cover only 2% of the device with metal, the light impinging through the facet with
an angle 0, the resulting electric field can be estimated by:

F'=F"/r +F/1 -2 (C.3)

68



According to the polarization rule, only its component along the growth direction z can
be absorbed. The power density of this component is:

}th‘z = [2F sin]? |cos(k.2)v/@ +isin(k:zz)\/E{2 (C.4)
— |2F sin 0]? (z cos®(k.2) + (1 — z) sin®(k.2)) (C.5)

= |2F sin ]? (sin®(k.2) + x (cos®(k.2z) — sin®(k.2))) (C.6)

= [2F sin 0]? (sin®*(k.2) + z (1 — 2sin®*(k.2))) (C.7)

= |2F sin 6|° (sin®(k.2)(1 — 2z) + ) (C.8)
(C.9)

C.2 Interpretation

The first variable is the light angle of incidence . When the light is shining perpendicularly
to the device surface (6 = 0) we verify that the z-component power density is going to zero.
Hence no light is absorbed.

The second parameter is the percentage of the device covered with metal . Three cases
have to be distinguished:

1. z > 50%, the metal occupy more than half the mesa surface.
2. x = 50%, the metal occupy exactly than half the mesa surface.

3. x < 50%, the metal occupy less than half the mesa surface.

In the first case, the power density is maximum at the top contact and decreases until
it reaches a minimum. The behavior of the third case is opposite, the power density is
minimum at the top contact and starts to increase while going further in the device. We
note that the power density is periodic, of period A = Xg/n (Ao is the wavelength is the
vacuum). Examples are given in figure C and the variations of the power density depending
on x are given in figure C.1. When we are in the intermediate case (z = 50%), the term
sin?(k.2)(1 — 2) goes to 0 and the power density is then constant throughout the device.
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z 0 A/4cost A/2cos 0
20 F? 20 F?
Ff
when \ /
x > 0.5
2(1 — x)F?
2(1 — z)F?
Ff
when
x < 0.5
22F? 20F?

Figure C.1: Variation of the power density through the device, z = 0 being the top contact
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Appendix D

Fabrication

D.1 Fabrication and packaging

Devices with different mesa sizes have been fabricated. Each mesa are square and their
rims are 200 pum , 400 pm , 600 pm , 800um , 1 mm and 1.5 mm. The four smaller
mesas are duplicated twice to optimize the wafer use. The relative positions of the mesas
is represented in figure D.1 which is the mask used for their etching.

The wafer is first cleaved into pieces of around 2cmx2cm by using a diamond scribe. A

—~ " m +
| .
+
120um 3 > . . . . [ | *
1.5 mm -
1 mm

800 um 600 um 400um 200 um

Figure D.1: Disposition of the devices in one bar

niche is made on the wafer side and a force is applied to cleave it. This piece will be used
to make 3 rows of devices according to the mask pattern in appendix D.2. The procedure
is described in more details in the process sheet in appendix D.3 and represented in figure
D.2. We use a standard cleaning procedure on the piece (Acetone, Isopropanol and RIE).
A first layer of photoresist is deposited by spin-coating and exposed. The device is plunged
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n+ Si:GaAs n+ Si:GaAs n+ Si:GaAs
Maw Maw . Maw
Photoresist Mesa Etching
— e
n+ Si:GaAs deposition n+ Si:GaAs n+ Si:GaAs
Substrate Substrate Substrate
SiN
deposition ¢
AZ4620
n+ Si:GaAs n+ Si:GaAs n+ Si:GaAs
Maw = MQw
SiN
n+ Si:GaAs n+ Si:GaAs n+ Si:GaAs
Windows Photoresist
-
Etching deposition
Substrate Substrate Substrate
¢ Photoresist deposition
Legend
Al
n+ Si:GaAs n+ Si:GaAs
I sS1813
MQw Maw
sm | [ ] [0 AZ4620
n+ Si:GaAs Metal n+ Si:GaAs .
deposition e SiN

/A

Substrate Substrate

Figure D.2: Fabrication steps

in HySO4 : HyOy : HoO (piranha solution) to etch the areas of the device not covered by
the photoresist down to the bottom highly doped layer and thus form the mesas. The
etching rate has been measured and fluctuates between 220 and 390 nm/min for a piece in
the center of the wafer after 3 minutes of etching. The overall rate value is 308 nm/min
and the final value is 318 nm/min. The total depth etched is between 3.19 nm and 3.21 nm.
Clean and sharp results are obtained as we can see on the microscope pictures D.3 and
D.4 of the smallest features (alignment and identification marks).

The next step is to deposit a passivation layer of SiN, protect the side walls of the mesa
with photoresist and etch the rest with CF,/Oy RIE. Finally, Aluminum bottom and top
contacts are deposited at the same time by usual liftoff techniques. In appendix D.2; we
show all the mask at our disposal. We have only one mask for the mesa etching and one
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Figure D.3: Alignment mark after etching Figure D.4: Alignment mark after etching

for the SiN passivation layer. Nevertheless, we designed 5 masks for the metal contact
deposition. Each of them produces a top contact with a mesa coverage varying from 50 to
90 % with a step of 10 % to experimentally confirm the discussion lead in section 2.4.

The packaging is separated in four steps: bar dicing, 45° facet polishing, mounting and
wire-bounding. Those steps are synthesized in figure D.5. The 3 rows of devices are then

—_—
Polishing

Mountlng

W|re
boundlng

Figure D.5: Packaging steps

diced from each other by using a micromaterial process laser. The model we use is a
LPFK Protolaser U3. The resulting cleaving is sharp but the facet we obtain is dirty
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over ~ 100um. Devices being 500um away from the facet after cleaving, the dirty layer
is consequently not in contact with the devices, far by ~ 400um. The facet on which
the light will impinge is then polish at 45° for each of these bars. A rectangular cuboid
with one facet milled at 45° metallic sample holder has been realized for this procedure.
The sample is glued with wax at the top edge of the holder angled facet and mounted
into a sample holder. Hand-polishing is performed by hand by pressing the sample holder
successively onto 600, 800 and 1200 grits sandpapers rotating at approximately 50 rpm on
a standard lapping machine. The edge of the holder with the glued device is held in the
opposite direction of the rotating sandpaper in order to avoid to loosen the device from the
holder. Finally, 3pum diamond paste polishing is performed to reach an atomic-flat facet.
The resulting polished sample is dismounted from the sample holder with an acetone bath
at 50°C.

The sample is then mounted on a device carrier and connection is made with gold wire-
bounding.

Two package holder and cold finger has been designed. The cold fingers are represented in
figure D.7. On one hand, The first cold finger is inclined by 45°and is mounted for IV and
absorption spectrum measurement. On the second hand, the other cold finger has an angle
of 72°with the vertical and is used to measure the absorption spectrum with a TDS setup.
In this setup, we look a the modification of a femtosecond signal after traveling through
the studied sample. As a consequence, a window is made in the second cold finger to allow
the light to go through the sample.

Cryostat Cryostat
/_\ /_2\ Device
) Device y )
k/ Cold finger v Cold finger

) Cold finger with a 45 °angle b)Cold finger with a 72 *angle

Figure D.6: Position of the cold finger and device in the cryostat
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a) Cold finger tilted a 45 °angle b)Cold finger tilted a 72 angle

Figure D.7: Top view of the cold fingers used for QWP characterization
D.2 Mask

We represent in figure D.8 the mask that we have used for the fabrication. The center
pattern is used for the mesa etching, the center left pattern for the SiN passivation layer and
the other patterns (apart from the bottom and top left pattern) for top metal deposition.
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Figure D.8: Mask used for the fabrication

D.3 Process sheet

76



L.

Wafer Structure

This table sum up all the parameters of the design

Parameter Name Value

Well width L, 1954

Barrier L, 9514

Electron sheet density n,, 4 x 10° cm™2
Aluminum fraction X 1.9%

Number of modules N 23

Doping (over 10 nm) N, 4x10%cm™3
Designed frequency f 2.94 THz

e Lg AlGaAs barrier
400 nm GaAs : Sito 1017 em ™3 JPtas 5

L,, GaAs well doped in the

Active region
center 100 A with N,

e 17 -3 ~
800 nm GaAs :Sito 10" cm . Ly AlGaAs barrier

GaAs substrate

I

Device fabrication

X 23

No

Process Step Date Comments

Initial clean (standard)

Acetone, 5 min (50 °C)

Isopropanol, 5 min (50 °C)

Dl rinse, repeat steps 1 and 2

Ni blow dry

02 plasma RIE 2 min: 20-20-20 (set-pressure-power)

Ni blow

7




Photoresist spinning

Ni blow

HDMS spin, 40 sec (500 rpm)

HDMS bake, 3 min (90 °C)

$1813 spin (3 steps, continuous):

5 sec (900 rpm)

1 min (4000 rpm)

~1.3 micron

Pre-bake, 3 min (90 °C)

Acetone to remove poor film

Exposure

Mask 1 (mesas)

Set soft contact, 36 micron alignment gap

Expose, 8 sec (364 nm)

Development

MIF 314 developer, ~30 sec (watch for features)

Feature inspection

Post-bake, 5 min (110 °C)

Check the features

Mesa wet etch

Piranha is explosive and corrosive, extra safety steps:

Email notification of all lab users, signs on doors
Full face and hand protection,

Perform during low-traffic hours

Neutralize with KOH pellets, DO NOT STORE

H,S0,:H,0,:H,0, 1:8:320, monitor every 30 sec until
target depth of 3.2 micron

~300 nm/min into GaAs, will
slow down and oscillate +/-
30%, monitor closely

SiN deposition

Passivation layer

PECVD nitride deposition, 6000 A, (350 °C)

Photoresist spinning

Ni blow

HDMS spin, 40 sec (500 rpm)

HDMS bake, 3 min (90 °C)

AZ 3312 spin (3 steps, continuous):

1 min (4000 rpm)

10 sec (500 rpm)

1 min (3000 rpm)

Pre-bake, 5 min (90 °C)

Exposure

Mask 2 (nitride windows)
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Set soft contact, 36 micron alignment gap, align

Expose, 4 sec (364 nm)

Development

AZ developer, ~30 sec (watch for features)

Feature inspection

Post-bake, 5 min (110 °C)

10

Window etching

CF4/02 plasma RIE, 10 min
15/5-40-75 (set-pressure-power)

11

Photoresist removal

AZ developer, 5 min

Confirm with microscope

12

Photoresist spinning

Ni blow

HDMS spin, 40 sec (500 rpm)

HDMS bake, 3 min (90 °C)

AZ 3312 spin (3 steps, continuous):

1 min (4000 rpm)

10 sec (500 rpm)

1 min (3000 rpm

Pre-bake, 5 min (90 °C)

13

Exposure

Mask 3 (metal contacts)

Set soft contact, 36 micron alignment gap, align

Expose, 4 sec (364 nm)

14

Development

AZ developer, ~30 sec (watch for features)

Feature inspection

Post-bake, 5 min (110 °C)

15

Metal deposition

EB deposition of Al (450 nm)

16

Metal liftoff

AZ developer, ~10 min

Confirm with microscope
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