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incidence conditions which nominally only generates an in-plane electric field component. We attribute this unexpected intersubband signal 
to a scattering in the nanowire array which effectively creates an electric field component along the nanowires. 
 
In the last part of the thesis, we focus on device processing and optoelectronic characterization of the first reported three-terminal 
phototransistors based on similar InP/InAsP nanowire/quantum discs heterostructures, now with a buried global gate-all-around contact 
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Abstract 
 
This thesis focuses on design, processing and electro-optical investigations of two- and three-
terminal photodetectors based on large arrays of around three million n+-i-n+ InP nanowires 
with embedded InAsP quantum heterostructures for broadband detection. The first part of the 
thesis work dealt with a general investigation of the room-temperature optoelectronic behavior 
of two-terminal photodetectors under broadband visible to near-infrared illumination, and in 
particular the response under selective 980 nm excitation of the 20 axially-embedded InAsP 
quantum discs in each of the nanowires. The photodetectors show a non-linear optical response, 
which we attribute to a novel photogating mechanism resulting from electrostatic feedback 
from trapped interface charges between the nanowire and SiOx cap layer, similar to the gate 
action in a field-effect transistor. From detailed analyses of the complex charge carrier 
dynamics involving these traps in dark and under illumination was concluded that electrons are 
trapped in two interface acceptor states, located at 140 and 190 meV below the conduction 
band edge. The non-linear optical response was investigated at length by photocurrent 
measurements recorded over a wide power range. From these measurements were extracted 
responsivities of 250 A/W (gain 320) @ 20 nW and 0.20 A/W (gain 0.2) @ 20 mW with a 
detector bias of 3.5 V, in excellent agreement with the proposed two-trap model. Finally, a 
small signal optical AC analysis was made both experimentally and theoretically to investigate 
the influence of the interface traps on the detector bandwidth. While the traps limit the cut-off 
frequency to around 10 kHz, the maximum operating frequency of the detectors stretches into 
the MHz region. 
 
In the second part of the thesis, we report on the detection of long-wavelength infrared radiation 
originating from intersubband transitions in the embedded quantum discs at low temperature. 
For this purpose, we developed a technique for depositing ultra-thin ITO top contact layers 
which not only improved the photon flux reaching the quantum discs, but also maintained 
electrical characteristics similar to those of the previously used thick ITO layers. Theoretical 
calculations of the optical transition matrix elements using an 8-band k·p simulation model 
along with solving drift-diffusion equations shed light on both interband and intersubband 
transitions. The calculations showed a possible intersubband transition around 135 meV 
(9.2 µm) between the ground state and first excited state in the conduction band of the discs in 
very good agreement with the observed experimental data. Conventionally, an out-of-plane 
electric field component is required for intersubband resonances in a planar quantum well. 
Interestingly, the intersubband signal in our photodetector was collected under normal 
incidence conditions which nominally only generates an in-plane electric field component. We 
attribute this unexpected intersubband signal to a scattering in the nanowire array which 
effectively creates an electric field component along the nanowires. 
 
In the last part of the thesis, we focus on device processing and optoelectronic characterization 
of the first reported three-terminal phototransistors based on similar InP/InAsP 
nanowire/quantum discs heterostructures, now with a buried global gate-all-around contact 
around the i-segments of the nanowires comprising the quantum discs. Furthermore, an 
elaborate theoretical model of the phototransistors was developed in excellent agreement with 
the experimental results. In particular, we highlight a unique possibility to electrically tune the 
spectral sensitivity and bandwidth of the detector. The transparent ITO gate-all-around contact 
facilitates a radial control of the carrier concentration by more than two orders of magnitude in 
the nanowires and quantum discs. The transfer characteristics reveal two different transport 
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regimes. In the subthreshold region, the photodetector operates in a diffusion mode with a 
distinct onset at the bandgap of InP. At larger gate biases, the phototransistor switches to a drift 
mode with a strong contribution from the InAsP quantum discs. Besides the unexpected 
spectral tunability, the detector exhibits a state-of-the art non-linear responsivity reaching 
100 A/W (638 nm/20 µW) @ VGS=1.0V/VDS=0.5V, and a response time of the order of µs, 
limited by the experimental setup, in excellent agreement with the developed comprehensive 
real-device model. 
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Popular scientific summary 
 
The reason that we see objects with distinct colours is the reflection of visible light from those 
objects. Let us take a red apple as an example. A red apple absorbs all the colors from visible 
light coming from the sun except red that is reflected by the apple and detected by our eyes. 
Visible light is only a small portion of the broad spectrum of electromagnetic waves that our 
eyes can detect. Other electromagnetic waves such as ultraviolet, x-ray and infrared are 
invisible to us.  
One example of infrared light is heat emitted by objects. For instance, our body at room 
temperature (37 °C) emits infrared radiation with a wavelength of around 9 µm. Imagine having 
eyes which can detect and see infrared light as well similar to some animals, such as snakes, 
who can see in darkness by sensing heat. However, as we cannot see infrared light, we need 
specific detectors to capture and “see” those invisible waves. Historically, scientists have tried 
diverse ways to detect infrared light for different purposes like night vision, safety and later for 
complicated technologies such as telecommunication.  
One clever way to detect infrared light is by using semiconductor materials, such as silicon, 
which have a conductivity between that of a conductor and an insulator. These materials show 
an increased conductivity under illumination of light waves with specific energy. To detect a 
broad range of wavelengths in the infrared region requires stacks of different thin 
semiconductor layers grown on top of each other.  
Over the last two decades, scientists have drastically improved the technology for fabricating 
ultrathin layered composite nanomaterials for various optoelectronic applications, one of them 
being advanced infrared detectors. In this thesis work, I have used a specific type of 
nanomaterials, known as nanowires, to fabricate infrared detectors. As the name implies, a 
nanowire is a thin needle-like structure with a diameter of around 100 nanometer (around 500 
times thinner than a strand of hair). Further technology improvements enabled scientists to 
fabricate nanowire-based infrared photodetectors, with enhanced performance compared to 
traditional detectors, owing to advantages such as higher absorption with less material and 
flexibility in growing different materials on top of each other.  
In my PhD work, I have developed novel high-performance infrared light detectors comprising 
several millions of standing indium phosphide nanowires, connected in parallel as a single 
detector. Indium phosphide nanowires can absorb and detect visible light and some parts of the 
infrared light known as near-infrared light. To extend the detection range to longer wavelengths 
in the infrared region, ultra-thin discs (quantum discs) of indium arsenide phosphide were 
axially embedded along the nanowires, similar to a barcode structure. This complex 
nanowire/quantum discs heterostructure detector can “see” visible to short-wavelength infrared 
light based on optical interband transitions. Importantly, mid-wavelength to long-wavelength 
infrared light also can be detected with the same device provided that it is cooled down to low 
temperatures (below -260 °C). Here the detector signal is generated by intersubband transitions 
in the quantum discs. Overall, the optoelectronic properties of these detectors are remarkable. 
The dark current is truly low, while the photocurrent under illumination is very high due to a 
novel gain mechanism related to hitherto unknown charge carrier traps present in the 
nanowires.  
In the last part of my thesis project, I added another terminal to the above-mentioned detector 
as a gate contact, wrapped around the nanowires similar to a transistor. This third terminal 
provides a unique flexibility in controlling the detector’s optoelectronic characteristics. The 
optical detection window, optical gain and response time of the detector can all be adjusted 
simply by changing the bias applied to the gate contact.  
I believe this thesis is a step forward toward high-performance infrared light detectors 
compatible with commercially viable main-stream silicon technology.  
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1. Introduction 
Over the last two decades, III-V nanowires (NWs) have been studied in various optoelectronic 
applications because of their unique characteristics, including excellent transport properties, 
tunable direct bandgap, and high absorption using less material compared to their planar 
counterparts. Moreover, the small footprint of NWs offer lattice mismatch relaxation which 
has enabled the integration of NW-based devices with mainstream Si technology1.  
Transistors2-4 based on InP, InGaAs, and InAs as well as solar cells based on InP5 and light-
emitting diodes (LEDs) based on GaAs/AlGaAs core-shell NWs on Si6 are just a few examples.  

The above-mentioned advantages of III-V NWs have also made them outstanding candidates 
for photodetection purposes. The tunable bandgap of these nanostructures makes it possible to 
cover a broad spectral range. III-V NWs have been widely used as photodetectors not only in 
the visible range, but also in the infrared (IR) region from near-infrared (NIR: 0.75 – 1.4 µm) 
to long-wavelength infrared (LWIR:8 - 15 µm)7-11. The development of growth techniques has 
enabled axial embedding of quantum heterostructures in NWs, which provides a further degree 
of freedom for tailored interband, and more recently demonstrated intersubband detection of 
IR via optical transitions involving discrete energy levels11-13. However, there are still 
challenges to overcome along the path toward reproducible, commercially-viable III-V NW-
based photodetectors. For instance, it has been shown that a minor change in doping 
concentration during epitaxial growth of NWs can drastically affect the growth dynamics and 
the electrical and optical characteristics of the final devices14-19. Despite many efforts, control 
of the doping concentration during NW growth is still demanding, especially in the ternary and 
quaternary material systems, because of growth kinetics and solubility in the Au seed particle, 
and the geometrical shape of NWs and their high surface-to-volume ratio20, 21. The cylindrical 
shape of NWs provides an alternative way for tuning the carrier concentration (Fermi level) by 
adding a conformal gate-all-around (GAA, also referred to as wrap-gate) electrode. Several 
groups have reported three-terminal NW devices with gate-tunable radial carrier 
concentrations22-25.  

Broadband photodetectors with high responsivity in the visible to infrared (IR) regions are 
important elements in various applications such as optical communication, safety, 
environmental surveillance, industrial quality control, and medical screening26-28. 
Conventionally, Si (0.45 - 1.1 µm), Ge (0.8 - 1.8 µm) and InGaAs (0.8 - 2.6 µm) are the most 
popular candidates for detection of visible to short-wavelength infrared (SWIR, 1.4 - 3 µm) 
radiation. The LWIR range has attracted an increasing attention due to thermal emission 
signatures from objects and living organisms which facilitate a broad range of imaging and 
night vision capabilities29, 30. Today, the most common planar material structures for LWIR 
detection include HgCdTe (MCT)31, and quantum structures including InAs/GaSb type-II 
superlattices32, InGaAs/GaAs quantum wells (QWs)33 and InAs/GaAs quantum dots (QDs)34. 
Although there have been many reports of broadband photodetectors based on low-dimensional 
structures, there is still a demand for developing photodetectors with a fast and sensitive (high 
gain-bandwidth product) photoresponse. A particularly interesting photodetector type with 
potentially electrically-tunable optoelectronic characteristics is the three-terminal NW 
phototransistor. Because processing devices with large arrays of NWs is challenging and time-
consuming, all electrically gated phototransistor studies reported to date have been carried out 
on single NW devices35-38. Even though NW array GAA metal-oxide-semiconductor field-
effect transistors (GAAMOSFETs) have been investigated for some time, to the best of our 
knowledge, no studies on related phototransistors have been reported. 
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This thesis reports on the outstanding optoelectronic performance demonstrated for our 
recently developed two-terminal photoconductors and three-terminal GAA-phototransistors. 
For all the devices, the optical material platform is based on large mm2 arrays of n+-i-n+ InP 
NWs with 20 quantum discs (QDiscs) axially embedded in the i-segment of each nanowire. In 
two-terminal detectors, the highly doped n-type InP substrate is used as one of the contacts, 
while a layer of indium tin oxide (ITO) is sputtered as the top contact, connecting typically 
almost 3 million NWs in parallel. We have studied the temperature-dependent electrical and 
optical characteristics of the two-terminal photoconductors in dark and under illumination 
using Fourier transform infrared (FTIR) photocurrent spectroscopy39. Additionally, a 980 nm 
laser diode was used for selective excitation of the QDiscs below the bandgap of InP. The 
power dependent optical response of the photodetector under laser excitation shows a non-
linear behavior which we attribute to a novel photogating mechanism, originating from 
complex photocarrier dynamics involving two acceptor trap states located at the interface 
between the NW and the SiOx cap layer, in good agreement with an advanced real-device 
model. In addition, the effect of the traps on the bandwidth of the photodetector was 
investigated at length. Further in-depth characterization at low temperature was carried out to 
unravel the recently-discovered intriguing photoresponse in the LWIR range resulting from 
intersubband transitions in the embedded QDiscs. For this, special attention was first devoted 
to developing smooth and ultrathin (10 nm) ITO top contact layers to mitigate the strong LWIR 
absorption of ITO. Moreover, the electronic structure of the QDiscs, including strain and 
defect-induced photogating effects, and optical transition matrix elements, was calculated by 
an 8-band k·p simulation combined with solving drift-diffusion equations to unravel the 
intriguing physics behind in particular the observed narrow linewidth intersubband signal from 
the QDiscs.  
 
In the three-terminal detector project, we present a report on growth, device processing, 
optoelectronic characterization and modeling of state-of-the-art GAA-phototransistors. The 
detector elements are based on arrays of vertically standing NWs similar to those in the two-
terminal detectors. In addition to the substrate and top ITO contacts discussed above, a third 
buried ITO GAA contact to all i-segments (with QDiscs) of the NWs was implemented. We 
highlight a possibility to electrically tune the Fermi level in the NWs, and thereby the spectral 
sensitivity of the detector, and the high gain-bandwidth product. 

In what follows, Chapter 2 discusses IR radiation, semiconductor materials, III-V NWs, 
nanostructures, optical properties of semiconductors, different types of IR photodetectors and 
their figures of merit, along with the motivation of this project. Chapter 3 presents a summary 
of the NW growth and device processing details. The key characterization techniques used in 
this thesis work are then discussed in Chapter 4. The results for the two-terminal photodetectors 
at room temperature and low temperature are discussed in Chapter 5 and Chapter 6, 
respectively, while the results for three-terminal photodetectors are discussed in Chapter 7. 
Finally, the summary and future outlook are presented in Chapter 8.  
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2. Background and motivation 
 
The basic properties of IR radiation are discussed in this chapter, followed by a brief description 
of the fundamentals of semiconductors, III-V NWs and nanostructures. Next, state-of-the-art 
IR photodetectors based on different techniques and their figures of merit are introduced. 
Finally, the motivation for this thesis project is presented.  
 
2.1. Infrared radiation 
 
Infrared radiation was unknown until 1800, when William Herschel discovered it by studying 
the spectrum of the sun using a prism and a thermometer. He found out that the highest 
temperature was obtained when he held the thermometer just outside the red part of the 
dispersed visible spectrum, a spectral range now referred to as infrared (from the Latin word 
‘infra’ meaning below)40.   

 

 
Figure 2.1: Part of the electromagnetic spectrum with a focus on the IR region. 

 
As shown in Fig. 2.1, IR covers the region of the electromagnetic (EM) spectrum between 
visible light and microwaves, with a wavelength starting from 0.75 µm and stretching to 1 mm. 
The IR spectrum itself can be divided into five ranges according to the wavelength or energy: 
near-infrared (NIR) with a wavelength (energy) between 0.75 - 1.4 µm (1.65 - 0.89 eV); short-
wavelength infrared (SWIR) with a wavelength (energy) between 1.4 - 3 µm (0.89 - 0.41 eV); 
mid-wavelength infrared (MWIR) with wavelength (energy) between 3 - 8 µm (0.41 - 0.16 eV); 
long-wavelength infrared (LWIR) with wavelength (energy) between 8 - 15 µm (0.16 - 
0.083 eV); and far infrared (FIR) with wavelength between 15 µm - 1 mm (0.083 - 
0.0012 eV)41.  
 
A black body is an ideal object in thermodynamic equilibrium with its environment which 
absorbs and emits all wavelengths (zero reflection and transmission). In 1879, Stefan 
discovered experimentally the relation between thermal radiation from a black body and its 
temperature42. Boltzmann derived the same relation theoretically in 188442. The thermal 
radiation intensity, U,  is given by the Stefan-Boltzmann law 𝑈 = 	𝜎𝑇", where T is the absolute 
temperature and 𝜎 is a constant (5.67 × 10#$	𝑊 · 𝑚#% · 𝐾#").	 Almost ten years later, Wien 
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proposed his famous displacement law42 stating that the peak value of the radiation intensity 
occurs at a specific wavelength which has an inverse relationship with the object’s temperature,  
𝜆& =

'
(
	, where 𝜆& is the peak wavelength, b is a constant (2.90 × 10#)	m·K) and T is the absolute 

temperature. Figure 2.2 shows blackbody spectra at different temperatures in agreement with 
Wien’s displacement law. It is clear that as the temperature increases the peak wavelength 
shifts toward shorter wavelengths (higher energy). While Wien’s theory for the spectral 
intensity of blackbody radiation agreed very well with experimental results for short 
wavelengths, it drastically failed for long wavelengths. Rayleigh and Jeans developed a 
classical theory for the spectral intensity of blackbody radiation that correctly predicted the 
spectral intensity for long wavelengths, but led to an energy output that diverges toward infinity 
as the wavelength goes to zero, an important erroneous result in physics known as the 
ultraviolet catastrophe.  
 

 
Figure 2.2: Blackbody radiation for different temperatures according to Wien’s displacement law.  

 
In 1900, Max Planck resolved the contradictions by developing a new theory based on the 
quantum properties of electromagnetic radiation43. The result is summarized in his famous 
radiation law (Eq. 2.1),  
 

𝐼(𝜆, 𝑇) = !"#!

$"
	 %

&'() #$
%&'	)

*+%
			,   (2.1)

       
 
where 𝜆 is the wavelength, T is the absolute temperature, kB is Boltzmann’s constant 
(1.38	 ×	10#%)𝐽 · 𝐾#* )	and h is Planck’s constant (6.63	 ×	10#)"𝐽 · 𝑠). 
 
2.2. Semiconductors  
 
Semiconductors (SCs) are crystalline materials with a conductivity between that of a conductor 
and an insulator. Semiconductors can be made of a single element, e.g., silicon (Si) or 
germanium (Ge), or with a combination of two elements (binary compounds), three elements 
(ternary alloys), or more. When many atoms are brought together in a SC, complex energy 
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bands are formed, of which the two most important are referred to as the valence band and 
conduction band. Figure 2.3 shows the energy band structure of Si and GaAs, respectively. The 
electrons populate the conduction band minima with a kinetic energy approximated by a 
parabola similar to a free electron,  
 

𝐸 = 𝐸! +
"!

#$"
			,     (2.2) 

 
where me is the effective mass of the electron and p is the momentum. A similar relation can 
be written for holes in the valence band by replacing the effective electron mass by the effective 
hole mass. The conduction band and valence band are separated from each other by a bandgap, 
Eg, in which no energy states exist. If the conduction band minimum and the valence band 
maximum occur at the same crystal momentum, the SC is said to have a direct band gap (as in 
GaAs). In an indirect bandgap SC (such as Si) the conduction band minimum and the valence 
band maximum occur at different crystal momenta. In a direct band gap SC, an electron can be 
excited from the valence band to the conduction band by absorbing a photon with sufficient 
energy to bridge the band gap. In an indirect band gap semiconductor, this transition requires 
both a change in momentum and energy. Optical transitions in indirect band gap 
semiconductors therefore require additional phonons to ensure conservation of both energy and 
momentum. 

 
Figure 2.3: Energy band structure of a) Si and b) GaAs 44.  

 
In practice, these complicated band structures can often be replaced by a much simpler 
schematic energy band diagram (Fig. 2.4 (a)), basically showing the conduction band edge, EC, 
and valence band edge, EV, versus position in e.g., a device. Here, the band gap Eg is given by 
EC - EV. At zero temperature, electrons are bound to the host elements in the lattice and reside 
in the valence band, leaving the conduction band empty. If enough energy is added by heating 
or illumination, electrons can bridge the bandgap and start populating the conduction band, 
leaving behind an equal number of holes in the valence band. The Fermi level is a reference 
defined as the energy level where the probability of electron occupation is exactly 50%. For an 
intrinsic SC (without doping) the Fermi level is approximately in the middle of the bandgap.  
 
The probability that an electron occupies an energy level with energy E is given by the Fermi-
Dirac distribution function stated in equation 2.3 below.  
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𝐹(𝐸) = %

%,-(+,+-)/&')	
			,    (2.3)

  
where 𝑘+ is the Boltzmann’s constant (1.38	 ×	10#%)𝐽 · 𝐾#* ), T is the absolute temperature and 
EF is the Fermi level. The density of states N(E) in a SC is defined as the number of allowed 
energy states (including spin) per energy interval (dE) and unit volume. Thus, the electron 
concentration in the conduction band can be calculated by integrating the product N(E)·F(E)·dE 
from the bottom of the conduction band to the top of the conduction band44. Figure 2.4 shows 
the schematic energy band diagram, density of states, Fermi distribution function, and carrier 
concentration for an intrinsic bulk SC. 

 
Figure 2.4: a) Schematic energy band diagram, b) density of states, c) Fermi distribution, and d) carrier 
concentration for an intrinsic SC.  
 
By introducing impurity atoms (dopants) to an intrinsic SC, new energy levels can be formed 
in the bandgap. Such SCs are referred to as extrinsic (doped). Two distinctly different doping 
agents exist, called donors and acceptors, that strongly influence the electronic properties of 
the host SC. A donor (acceptor) doping refers to incorporation of atoms in the host crystal that 
creates an energy level in the bandgap, close to the conduction (valence) band, which releases 
mobile electrons (holes) in the SC. Figure 2.5 shows the schematic energy band diagrams of a 
p-type and an n-type SC with the acceptor energy level (Ea) and donor energy level (Ed), 
respectively, and the corresponding Fermi level.  

 

 
Figure 2.5: Schematic of the energy band diagram for a p-type and an n-type SC.  
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2.3. Nanostructures 
 
Homoepitaxy refers to epitaxial growth of a SC layer on top of a substrate made of the same 
SC, while heteroepitaxy refers to epitaxial growth of a SC layer on top of a different SC 
substrate, or on an epitaxial layer with different composition. Heteroepitaxial growth, 
combined with subsequent advanced processing technology such as lithography and etching, 
has facilitated exciting avenues to fabricate low-dimensional nanostructures.  Some of these 
are shown schematically in Fig. 2.6, and briefly described in the following sections. For these 
nanostructures, the above-mentioned energy-momentum relation and density of states for a 
bulk material are not valid and new physical models are needed.  
 
  

 
Figure 2.6: Schematic of physical structure and the density of states of a a) bulk SC, b) quantum well, 
c) quantum wire and d) quantum dot.  
 
2.3.1. Quantum wells 
 
A quantum well (QW), shown in Fig. 2.6 (b), is a heterostructure where a very thin SC layer is 
sandwiched in between two SC layers with larger band gap. When the thickness, L, of the thin 
layer is comparable to the de Broglie wavelength (𝜆% = ℎ/𝑝) of an electron, the energy 
structure will be quantized, resulting in discrete energy levels in both the conduction band and 
valence band of the QW. In such a heterostructure, electron motion is limited to a 2D surface 
and Eq. 2.2 needs to be updated. For a sufficiently deep QW, often referred to as a QW with 
impenetrable walls, the energy structure for electrons (similar for holes) can rather simply be 
analytically calculated by solving the time-independent Schrödinger equation (− ℏ!

#$"
𝛻# +

𝑉(𝑧))𝜓(𝒓) = 𝐸	𝜓(𝒓). The discrete energy levels ℇ'	for the confined z-direction are given by 
Eq. 2.4. 
 

ℇ' =
(!)!ℏ!

#*#+!
		,				n=1,	2,	3….	 	 (2.4)	
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The total energy (Eq. 2.5) is obtained by adding the kinetic energy associated with the free 
motion of the electrons in the x-y plane of the QW. 
 

𝐸<𝑛, 𝑘, , 𝑘-> = ℇ. +
ℏ!(0"!10#!)

%3$
			,   (2.5) 

 
where kx and ky is the magnitude of the electron wavevector in the x- and y-direction, 
respectively. The solution to the Schrödinger equation is presented in Fig. 2.7. In contrast to 
the bulk case, the ground state (n=1) energy is not zero, but shifted by an amount of ,

!ℏ!

#$"-!
 with 

respect to the bottom of the conduction band. The same theory is valid for a hole inside the 
valence band. As can be noticed in Fig. 2.6 (b), the density of states in a QW is different from 
that of a bulk semiconductor, increasing in equivalent steps for each new discrete energy level 
(quantum number n).  

 
Figure 2.7: Energy structure for an “infinite” QW confined in the z-direction (growth direction). a) The discrete 
energy levels inside the conduction band and b) the corresponding E-k relation.  

 
For a more realistic finite QW, e.g., a thin layer of GaAs sandwiched in between two layers of 
AlGaAs (Fig. 2.13), the depth of the well (potential) corresponds to the conduction band offset 
between GaAs and AlGaAs.  
 
2.3.2. Nanowires 
 
Nanowires are nanostructures with a diameter smaller than around 100 nm. Nanowires are 
usually referred as 1D structures due to their large length-to-diameter aspect ratio. To obtain a 
true 1D quantum wire (Fig. 2.6 (c)) confinement, however, the NW diameter has to be 
comparable to the de Broglie wavelength. Various factors make semiconductor NWs, in 
particular III-V NWs, of greatest interest for next-generation optoelectronic devices, including 
high absorption per material volume, tunable electronic parameters via wrap-gating, large 
flexibility in growth of heterostructures offering complex tunable radial and axial direct 
bandgap energy landscapes, and potentially defect-free heterogeneous integration with silicon 
substrates due to strain relaxation. There have been many recent reports on promising NW-
based nanophotonic devices including photovoltaic devices5, 45, LEDs6, lasers46, 47, 
waveguides48, 49, and photodetectors10, 11, 50, 51.   
 
Nanowire fabrication is usually categorized into two groups referred to as bottom-up and top-
down techniques. In the top-down method, a bulk material is etched with a specific pattern to 
form the NWs. The diameter and the uniformity of the NWs are limited by the lithography 
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resolution and the etching characteristics. Moreover, the flexibility in defining complex 
heterostructures is strongly limited due to issues with defects in lattice-mismatched thin films. 
In the bottom-up approach, the NWs are epitaxially grown layer by layer. One key advantage 
here is that heterostructures, or growth on lattice-mismatched substrates, can more easily be 
pursued due to the small diameter/footprint of the NWs which at least partly relieves the strain. 
Chemical vapor deposition (CVD), Metalorganic vapor-phase epitaxy (MOVPE) and 
Molecular-beam epitaxy (MBE) are a few common methods for bottom-up NW growth 52, 53. 
 
In this thesis work the NWs were grown by MOVPE, which is the most common technique for 
mass production of III-V NWs. Here, seed particles are often used to catalyze the growth and 
to increase the growth rate in one dimension. Gold nanoparticles (NPs) are usually used 
because an alloy forms (e.g., Au-In) in the catalyst at growth temperatures around of 400 – 
500 °C. Growth takes place by introducing the precursors into the growth chamber by a carrier 
gas54. By changing the precursor and introducing dopants, doped NW heterostructures with 
different doping profiles in the axial or radial direction can be grown55. A detailed discussion 
of NW growth is presented in Chapter 3.  
 
2.3.3. Quantum dots 
 
A quantum dot , shown in Fig. 2.6 (d), is a nanostructure that is confined in all three directions, 
where the energy structure in the simplest case is calculated by solving Schrödinger’s equation, 
similar to above, in all three dimensions and simply adding the extracted energies together. The 
confined energy levels are well separated, and the density of states is represented by delta 
functions (Fig. 2.6 (d)). An important observation is that the density of states increasingly 
sharpens with a reduction in dimensionality from bulk SC to QDs. The size of a QD plays an 
important role for its optical properties. For instance, a blue shift in the band gap emission from 
QDs is observed when their diameter is decreased56. The electronic structure of a QD resembles 
that of atoms, and QDs are sometimes referred to as artificial atoms57. 
 
2.4. Optical properties of semiconductors  
 
2.4.1. Interband transitions in bulk semiconductors 
 
An interband transition is known as the transition of an electron between the valence band and 
the conduction band of a SC, which can be achieved by absorption or emission of a photon. In 
the case of absorption, an electron is excited from the valence band to the conduction band, 
leaving behind a hole in the valence band. To calculate the optical transition matrix element 
for this case, we consider the electric field of a propagating light wave in the k-direction with 
a polarization e as a perturbation potential in the Schrödinger equation. The wave function can 
be written as a product of an envelope function and a Bloch function 𝜓(𝐫) = 𝑢(𝐫)𝑒.𝐤𝒓. To 
calculate the interband transition probability, the wave function of the initial state (i) and the 
final state ( f ) are inserted into the matrix elements shown below. 
 
 

⟨𝑓|𝐞. 𝐩F|𝑖⟩ = I𝜓4𝐤%
∗ (𝐫)	𝐞. 𝐩F	𝜓7𝐤(𝐫)𝑑)𝐫 = 

 *
8 ∫𝑢4𝐤%

∗ (𝐫)𝑒#7𝐤%𝐫𝐞. 𝐩F	𝑢7𝐤(𝐫)𝑒7𝐤𝐫𝑑)𝐫		,    (2.6) 
 

where Ω is the volume of the material introduced for normalization. In quantum mechanics, the 
momentum operator (𝐩F) is defined as -𝑖ℏ∇. So, Eq. 2.6 can be written as below. 
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⟨𝑓|𝐞. 𝐩F|𝑖⟩ = *

8
𝐞∫𝑢4𝐤%

∗ (𝐫)𝑒7:𝐤#𝐤%;𝐫	[ℏ𝐤𝑢7𝐤(𝐫) + 𝐩F𝑢7𝐤(𝐫)]𝑑)𝐫    (2.7) 
 

 
Since 𝑢1𝐤$

∗  and 𝑢.𝐤 are orthogonal (they are eigenstates of the same Hamiltonian), the first term 
in the square bracket in Eq. 2.7 will be zero. The second term is zero, unless 𝐤 = 𝐤3. So, the 
result will be the matrix element of u(r). Furthermore, since u(r) is periodic it gives the same 
contribution in each unit cell, wherefore the integral can be reduced to volume of a unit cell.  
 
⟨𝑓|𝒆. 𝒑F|𝑖⟩ =  *

<&$''
∫ 𝑢4𝐤%

∗ (𝒓)=>?? 𝒆. 𝒑F	𝑢7𝐤(𝒓)	𝑑)𝒓 = X𝑢4Y𝒆. 𝒑FY𝑢7Z     (2.8) 
 
This describes the transition between two different bands like the valence and conduction band 
and known as interband transition.  
 
2.4.2. Interband transitions in quantum wells 
 
The wave function in a QW quantized in the z-direction can be written as a product of a Bloch 
function parallel to the well and a bound state perpendicular to the well.  
 

𝜓(𝐫, z) = *
√A
𝜙(z)𝑒7𝐤𝐫		,        (2.9) 

 
where A is a normalization factor. Assigning the initial state as i and the final state as f, the 
transition matrix element for this case can be written as below.  
 

⟨𝑓|𝐞. 𝐩F|𝑖⟩ = *
A
	∫ 𝜙4∗(z)	𝑒#7𝐤

%𝐫𝐞. 𝐩F	𝜙7(z)	𝑒7𝐤𝐫𝑑)𝐫    (2.10) 
 
 
The envelope function 𝜙(z) is a slowly varying function over a unit cell compared to the Bloch function 
which varies in each cell. So, 𝜙(z) can be considered constant for each unit cell and the integral for that 
can be replaced by a summation over the unit cells.  
 

⟨𝑓|𝐞. 𝐩F|𝑖⟩ = *
A
	∑ 𝜙4∗<zB>=>??

B 𝜙7<zB> ∫ 𝑒#7𝐤%𝐫𝐞. 𝐩F=>??,B 	𝑒7𝐤𝐫𝑑)𝐫    (2.11) 
 
The integral over the unit cell shows the matrix element between the initial (valence band) and 
the final (conduction band) state of the Bloch function X𝑢4DY𝐞. 𝐩FY𝑢7DZ. Also, we can rewrite 
summation as an integral now. 
 

⟨𝑓|𝐞. 𝐩F|𝑖⟩ = X𝑢4DY𝐞. 𝐩FY𝑢7DZ ∫𝜙4∗(z)	𝜙7(z)	𝑑)𝐫    (2.12) 
 
So, the interband transition in a QW is separated into two parts; one part related to the Bloch 
function and the polarization of the incoming light, and one related to the envelope function. 
This gives rise to the selection rules according to which only certain transitions are allowed.  
 

i) For a symmetric potential, only transitions between the initial and the final states 
that have the same parity are allowed.  
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ii) For the case of an identical QW for electrons and holes (∆𝐸! = ∆𝐸4), and with 
the same effective mass, only transitions between the states that have the same 
quantum number are allowed (∆𝑛 =0).  

 
iii) If the well is not identical for the electrons and holes, the transitions with ∆𝑛 =0 

will have the highest probability.     
 
2.4.3. Intersubband transitions in quantum wells 
 
In contrast to interband transitions, intersubband transitions in QWs require the presence of an 
electric field component along the growth direction. Due to this fact, QWs need to be optically 
excited at some angle to respond to intersubband radiation. If the impinging light has x-
polarization, e.	𝐩> will be −𝑖ℏ 5

56
 and will affect just the plane wave with no operation on the 

envelope function. This means that there will be no intersubband transition for x-y (in-plane) 
polarization: 
 

〈𝑓|�̂�,|𝑖〉 = ℏ𝑘,〈𝑓𝐤E|𝑖𝐤〉 = 0   (2.13) 
 

In contrast, if the incident light is polarized in the z-direction (out-of plane), e.	𝐩> will be −𝑖ℏ 5
57

 
which will affect ϕ(z) and the matrix elements can be written as below. 
 

〈𝑓|�̂�F|𝑖〉 =
*
A ∫𝑑𝑧 ∫𝜙4

∗(𝑧)𝑒7:𝐤#𝐤%;𝐫	�̂�F	𝜙7(𝑧)	𝑑%𝐫    (2.14) 
 
The integral over r is zero, except for the case when k is equal with 𝐤′. Therefore, the 
integral in Eq. 2.14 can be written as follows: 
 

〈𝑓|�̂�F|𝑖〉 = −𝑖ℏ ∫𝜙4∗(𝑧)
GH((F)
GI

	𝑑𝑧   (2.15)
    

 
This means that the matrix elements for light polarized in z-direction is not zero and 
intersubband transition can thus occur.  
 
2.5. Infrared photodetectors 
 
2.5.1. p-n and p-i-n photodiodes 
 
By bringing an n-type and a p-type SC material into contact, a p-n junction, or diode, is created 
where the majority carriers from the n-region (electrons) diffuse to the p-region and the 
majority carriers in the p-region (holes) diffuse to the n-region. This motion of carriers to the 
other side leaves behind positively (negatively) ionized donors (acceptors) in the n-region (p-
region). As a result, a narrow region is created on both sides of the physical junction that is 
depleted of mobile carriers, a region referred to as the depletion region. The fixed charge from 
the ionized donors and acceptors forms an electric field pointing from the positive charge (n-
side) to the negative charge (p-side). Figure 2.8 (a) shows a schematic of the p-n junction in 
equilibrium along with its band structure.  

 
This established electric field creates corresponding electron and hole drift currents that at 
thermal equilibrium balance the diffusion currents discussed above, which results in a constant 
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Fermi level across the junction and a built-in potential (V0), as shown in Fig. 2.8 (a). If a 
negative bias (VR < 0) is applied to the p-side (reverse bias), the depletion region gets wider, 
the built-in potential is increased (V0 +VR), and the diffusion currents decrease. In fact, when a 
large reverse bias is applied, the diffusion of carriers inside the depletion region is negligible. 
However, minority carriers can still diffuse from the neutral regions to the edges of the 
depletion region and then drift to the other side. Therefore, there is a saturation (leakage 
current) which corresponds to the sum of the electron and hole drift currents of minority carriers 
that diffuse and reach into the depletion region. Conversely, if a positive bias (VF > 0) is applied 
to the p-side of the junction (forward bias), majority carriers are injected from both sides which 
results in a narrower depletion region and a reduction of the built-in potential (V0 -VF), 
increasing the diffusion current through the diode. Figures 2.8 (b) and (c) show the energy band 
diagram and the Fermi level for a p-n junction under reverse and forward bias condition, 
respectively.  
 

 
Figure 2.8: Schematics and energy band diagrams for a p-n junction a) in equilibrium, b) under reverse bias and 
c) under forward bias conditions. 
 

When a p-n junction under reverse bias is illuminated with photons with energies higher than 
the SC’s bandgap, the photons are absorbed and electron-hole pairs (EHP) are generated as 
shown in Fig. 2.9. The high electric field in the depletion region separates the electrons and 
holes efficiently before they recombine, resulting in a photocurrent (PC) that can be measured 
in the external circuit. Under reverse bias, the width of the depletion region is increased, 
resulting in a higher absorption volume, which is favorable in photodetection applications.  
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Figure 2.9: Reverse-biased p-n junction under illumination. 

 
The physical principles for a p-i-n photodiode are similar to those of the p-n junction. A thick 
intrinsic layer is sandwiched between the p-region and n-region (Fig. 2.10 (a)) to increase the 
absorption volume and thereby the efficiency of the photodiode. Figure 2.10 (b) shows the 
schematics of a p-i-n junction under illumination.  

 

 
Figure 2.10:  Schematics of a p-i-n junction under illumination. a) Physical layout and b) energy band diagram 
under reverse bias. 
 
Compared to p-n photodiodes, p-i-n photodiodes usually show faster response time (due to 
lower capacitance), lower dark current (due to the intrinsic region) and slightly lower 
sensitivity. Nowadays, commercial NIR and SWIR photodiodes are mainly based on Si (450 
nm to 1.1 µm), InGaAs (800 nm to 2.6 µm) and Ge (800 nm to 1.8 µm). Generally, photodiodes 
have advantages like compactness, fast response, broad spectral response, low cost and low 
noise/dark current, but suffer from degraded performance at higher temperature due to rapidly 
increasing dark current.  
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2.5.2. Photoconductors 

In essence, a photoconductor is a resistor with a conductivity that increases under illumination. 
A photoconductor can be fabricated simply by making two contacts on a piece of intrinsic SC. 
However, for better carrier extraction and performance, the SC is usually highly doped in the 
contact regions. Figure 2.11 shows an n+-i-n+ photoconductor along with its band structure in 
equilibrium. As can be seen in Fig. 2.11 (b), in contrast to p-n and p-i-n photodetectors, there 
is no internal electric field in a photoconductor, and so an external bias is needed to operate the 
photoconductor.  

Figure 2.11: Schematics of an n+-i-n+ photoconductor in equilibrium. a) Physical layout and b) energy band 
diagram.  

Figure 2.12 (a) shows the n+-i-n+ photoconductor under bias and illumination along with its 
band structure in (b). Impinging photons with higher energy than the SC’s band gap can excite 
electrons from the valence band to the conduction band, leaving behind holes in the valence 
band which increases the conductivity of the material. The difference in conductivity of the 
material under illumination and in dark is defined as the photoconductivity (∆𝜎) given by: 

∆𝜎 = 	𝑞(𝜇>𝛥𝑛	 + 𝜇J𝛥𝑝), (2.16) 

where Δn and Δp are the excess electron and hole concentrations resulting from the incident 
light, 𝜇8 and 𝜇9 are the electron and hole mobilities, and q is the elementary 
charge	(1.6 × 10#*K𝐶). 
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Figure 2.12: Schematics of a biased n+-i-n+ photoconductor under illumination. a) Physical layout and b) energy 
band diagram. 
 
2.5.3. HgCdTe detectors 
 
The tunable bandgap of Hg1−xCdxTe (HgCdTe, MCT) alloys, discovered as early as 195958, 
provides a unique freedom in designing detectors in a broad spectral range from SWIR to 
LWIR. HgTe is a semimetal with a bandgap of 0 eV, while CdTe is a semiconductor with a 
bandgap of 1.5 eV. By changing the amount of Cd in the alloy, the bandgap can thus at least 
theoretically be tuned from 0.0 eV to 1.5 eV. Other advantages of MCT alloys include a high 
absorption coefficient and high operating temperature, properties that have made MCT 
detectors among the most widely used IR photodetectors so far59. However, these detectors 
suffer from some serious disadvantages. Since HgCdTe is toxic, soft and fragile, special 
precautions need to be taken during growth and processing. Other challenges in epitaxial 
growth are the high vapor pressure of Hg, high defect density, and significant surface leakage 
currents that reduce the device performance. The exact alloy composition is also difficult to 
control which makes it difficult to fabricate in particular LWIR detectors with a well-defined 
cut-off wavelength and high yield58.  
 
2.5.4. Quantum well infrared photodetectors 
 
An alternative device for LWIR detection is the quantum well IR photodetector (QWIP). As 
explained above, a QW is made of a thin semiconductor layer sandwiched in between two 
semiconductors with larger bandgap, as shown in Fig 2.13 (a) for the case of an AlGaAs/GaAs 
QW. Under LWIR illumination, electrons are optically excited from the ground state to the 
first excited state in the conduction band of the QW, a process known as an intersubband 
transition (Fig. 2.13 (b)). The excited carrier can subsequently escape into the surrounding 
semiconductor by thermal emission, assisted by various barrier-lowering mechanisms, 
including the Poole-Frenkel effect and phonon-assisted tunneling60, and be driven to the outer 
circuit by an applied electric field (bias). The spectral sensitivity window, usually in the range 
of 3 µm (0.4 eV) to 20 µm (0.06 eV)61, can be tuned by controlling the thickness and 
composition of the QW, and the height of the barrier (set by the conduction band offset between 
GaAs and AlGaAs). Today, QW growth is relatively mature, which offers the possibility of 
mass production of large-size focal plane arrays (FPAs) for imaging purposes. Also, compared 
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to MCT detectors, QWIPs offer advantages such as lower noise and higher sensitivity to a 
specific wavelength.  
 

 
Figure 2.13: a) Schematic physical structure of a QWIP and b) the corresponding schematic conduction band 
profile of a biased QWIP under illumination. An intersubband transition is indicated with the subsequent escape 
to the surrounding AlGaAs barrier.  
 
2.5.5. Quantum dot infrared photodetectors 
 
As explained in 2.3.2, when nanostructures are spatially confined in all three dimensions, a QD 
is formed. Quantum dot IR photodetectors (QDIPs) comprise single- or multiple stacked layers 
of QDs. They do not suffer from the normal incidence limitation in QWIPs because of the 
confinement in all three directions which induces non-zero optical matrix elements. Quantum 
dot layers are usually doped to efficiently populate the ground state with electrons (or holes), 
thereby improving the intersubband signal. An applied electric field collects the photoexcited 
charge carriers and drives them to the outer circuit as a PC. Other advantages of QDIPs include 
a reduced dark current, and longer photocarrier lifetime (reduced electron-phonon scattering). 
Moreover, due to the three-dimensional confinement and discrete energy levels, a broad 
spectral detection range can be covered by changing the QDs’ size 62, 63. 
 
2.5.6. Type-II superlattice infrared photodetectors 
 
When two semiconductor materials are brought together, the valence bands and conduction 
bands can align in different ways. One way is the type-II alignment where both the conduction 
band and the valence band of one semiconductor are located above the conduction band of the 
other semiconductor. If many thin layers of this structure are grown on top of each other, 
artificial minibands are created for electrons and holes. Such a structure is called a type-II 
superlattice (T2SL), and was first proposed as an IR detector in 1987 by Smith and Mailhiot64. 
Figure 2.14 shows the schematic band alignment, minibands and optical transitions in an 
InAs/GaSb T2SL. Photodetectors based on T2SL structures offer advantages over MCT 
detectors, such as higher uniformity, stability, and affordability for fabrication of commercial 
focal plane arrays, especially in the LWIR region65.  
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Figure 2.14: Band alignment and formed minibands in an InAs/GaSb T2SL.  

 
2.5.7. Nanowire-based infrared photodetectors 
 
Nanowire IR photodetectors have been studied both as single elements and large arrays on 
different substrates, including Si10, 11, 66-68. A single NW offers a straightforward platform for 
fundamental device investigations, free from the complexities arising from neighboring NWs 
or growth non-uniformities69. Photodetectors based on single NWs can be realized either with 
vertically oriented single NWs grown directly on a substrate or by horizontally positioning 
single NWs on a substrate, typically achieved through manual transfer. However, while 
horizontally oriented single NW photodetectors have been extensively explored, their 
vertically oriented counterparts have received comparatively less attention, likely attributed to 
the challenges associated with vertical processing70. Noteworthy are high-performance single 
NW photodetectors based on materials such as GaN with high responsivity and gain71, 72, 
InAs73, GaSb with broad spectral response74 and high performance InGaAs75, among others. 
 
Conversely, vertically standing NW arrays hold significant importance, showcasing 
exceptional characteristics including enhanced sensitivity, improved  absorption with less 
material volume thanks to robust NW-light coupling, and beneficial optical resonance effects76. 
Vertical NW array photodetectors based on InAs77, InGaAs78, GaAsSb27 and InP with multiple 
axially embedded InAsP QDiscs 10 are a few examples.  Among III-V NWs, InP is one of the 
most widely studied candidates offering advantageous characteristics e.g., high electron 
mobility (almost 5 times higher than Si), direct bandgap and low sheet resistance. InP with a 
direct bandgap of 1.34 eV at room temperature covers the visible and NIR regions. By 
embedding thin segments (QDiscs) of a lower bandgap SC, e.g. InAsP, in the NWs, and taking 
advantage of confined energy levels in the QDiscs, the responsivity can be extended to LWIR11.  
 
Using a heavily-doped substrate as a gate for a horizontal single NW, or employing radial wrap-
around gate (GAA) contacts for vertically (or horizontally) oriented single or array NWs, 
represents an effective strategy for tuning both the spectral responsivity range and electron 
concentration (Fermi level) within NW detectors. Such three-terminal devices can bring 
together the advantages of a photodetector and transistor. Due to the time consuming and 
challenging processing required for fabrication of vertically standing NW array 
phototransistors, all reported GAA-NW detectors up to recently were single-NW devices22-24, 

79 In the last phase of this thesis, we report on the first three-terminal GAA InP NW 
phototransistors, with 20 InAsP QDiscs embedded inside the i-segment of each NW. These 
phototransistors showed interesting properties in terms of more freedom in controlling the 
electrical and optical properties of the phototransistor. For instance, by changing the gate bias, 
the photoresponse can be tuned in a way to include or exclude the NIR range which can bring 

37



 38 

advantages in many applications where monitoring of the spectral content of a signal is 
important. These photodetectors are discussed at length in Chapters 5, 6 and 7.  
 
2.6. Figures of merit of photodetectors  
 
Photodetectors are characterized by some key figures of merit which are presented below with 
an explanation and relevant equations.  
 
2.6.1. Responsivity 
  
Responsivity is one of the most important parameters to quantify a photodetector’s 
performance. It is defined as the ratio between the generated PC (𝐼:;) and input optical power 
(𝑃<"=). The responsivity, R, is calculated by the equation below. 
 

𝑅 = L)*
M+,-

= L)*
H,.∙JO

				,    (2.17) 

 
where 𝜙"9 is the photon flux (number of photons reaching the device per second) and h𝜈 is 
energy of the impinging photons.  
 
2.6.2. Quantum efficiency 
  
Th internal quantum efficiency (𝐼𝑄𝐸	𝑜𝑟	𝜂>) presents the number of the generated EHPs per 
absorbed photon, while the external quantum efficiency (𝐸𝑄𝐸	𝑜𝑟	𝜂?) quantifies the number of 
detected carries in the outer circuit per incoming photon:  
 

𝜂P =
#R>S>=S>R	=UVV7>VW		
#7.=X37.Y	&JXSX.W

= L)*/>
H,.

   (2.18) 
 
Generally, for a specific incident photon flux, a percentage is reflected and a percentage is 
absorbed. EQE takes all the impinging photons into account, while IQE considers just the 
absorbed photons. Also, there is a direct relation between the number of detected carriers and 
number of photogenerated carriers. So, one can conclude that EQE includes IQE within itself. 
While the IQE can be 100%, meaning all the absorbed photons can generate EHPs, the EQE is 
usually less than 100% due to reflection, scattering and transmission. 
 
2.6.3. Gain 
 
The gain (g) presents the number of detected carriers in the outer circuit per generated EHP. 
The textbook definition of gain in a photoconductor is the ratio between the minority carrier 
lifetime and carrier transit time through the detector element. However, this classic definition 
is not able to explain the origin of very high gain measured experimentally in some 
photoconductors. Traps and photogating play a crucial role in photoconductors’ gain. This is 
discussed in detail in the next section, and in Chapter 5 when presenting our two-terminal 
photodetectors. By considering the definition for IQE above, we can rewrite Eq. 2.17 as 
follows: 
 

𝑅 = 𝜂L𝑔
>[
J=
			,     (2.19) 

 
where 𝜆 is the wavelength, h is Planck’s constant and c is the speed of light.  
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2.6.4. Photogating 
 
In classical textbooks in semiconductor physics, gain in a photoconductor is defined as the ratio 
between the minority carrier lifetime and carrier transit time through the detector element. 
While this concept is widely accepted and used80-82, there is a conflict between some very high 
gains reported experimentally, in particular in nanoscale photodetectors, and the theoretical 
prediction83-85. The contradiction arises from the fact that the classical theory neglects the 
strongly non-uniform carrier distribution present under normal operating conditions. In fact, in 
most photoconductors gain is a result of photogating and feedback of trapped charge carriers 
on the electrostatic potential distribution in the photodetector86. Photogating can be described 
as a modulation of the device conductance through photo-induced carrier dynamics involving 
trap states. When carriers are trapped in defects with a certain spatial distribution, a potential 
(electric field) is formed which behaves like a gate in a MOSFET. In low-dimensional 
photoconductors such as NWs, with their large surface-to-volume ratio, surface or interface 
traps can have a profound impact on the observed gain. Fig. 2.15 shows the photogating 
mechanism in a NW with acceptor surface traps, similar to our investigated two- and three-
terminal devices discussed in Chapters 5, 6 and 7. In the dark, electrons are trapped in acceptor-
like traps, creating a potential barrier between the n+- and i-segment, pushing the channel 
electrons to the NW’s center by an electrostatic force which narrows the conductance channel 
and reduces the dark current. Upon illumination with photons with energy higher than the SC’s 
bandgap, electrons are excited to the conduction band, leaving behind holes in the valence 
band. These photogenerated holes move towards the NW surface where they can recombine 
with the trapped electrons which opens the conductance channel and increases the 
photocurrent. By considering the definition of gain in 2.6.3, it is obvious that photogating will 
increase a photodetector’s gain, as each photogenerated EHP results in several detected 
electrons in the external circuit. Photogating in various low-dimensional systems was discussed 
in a recent review article by Fang et al87.  
 

 
Figure 2.15: Photogating in a NW with acceptor surface traps.  
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2.6.5. Response time and bandwidth  
 

The response (rise) time of a photodetector is given by the time it takes for the photocurrent to 
increase from 10% to 90% of the maximum value after a light pulse. The related bandwidth 
(BW) of a photodetector has an inverse relation with the rise time as shown below.  
 

𝐵𝑊 = D.)]
^

     (2.20) 

 
2.6.6. Noise equivalent power and detectivity 

 
The noise equivalent power (NEP) is an important figure of merit for a photodetector defined 
as the optical power at which the detector signal has a signal-to-noise ratio of unity (SNR=1), 
measured with a 1 Hz bandwidth. The related detectivity, D, is defined as NEP-1, while the 
specific detectivity, D*, also takes the device area (A) and bandwidth (BW) into account as 
shown below. 
 

𝐷∗ = 𝑁𝐸𝑃#* · √𝐴 · 𝐵𝑊    (2.21) 
 
 
2.6.7. Dark current 
 
As the name implies, dark current refers to the current through a biased photodetector without 
any illumination. It is crucial for a photodetector to have a low dark current if it is to achieve a 
high signal-to-noise ratio. Depending on the photodetector’s type, the dark current can stem 
from various sources, such as diffusion, thermal emission, tunneling and surface leakage. 
Thermal emission, for instance, is a process where carriers can be excited from a confined 
energy level in a QWIP to the surrounding continuum of energy levels, underlying the 
generation of dark current. The thermal emission can be decreased by cooling the detector to 
low temperatures, where trapped electrons will not have sufficient energy to be excited to the 
continuum. In detectors based on nanostructures such as NWs, surface leakage can be an 
important source of dark current. Because of this, NWs are usually passivated to mitigate 
surface current. Other factors such as surface traps and doping profiles can also play a key role 
in dark current generation. In the NWs studied in this thesis work, a combination of 
compensational doping and NW/oxide interface traps leads to extremely low dark current 
levels, as discussed in the results section below.  
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3. Nanowire growth and device processing 
 
The details of the growth of InP/InAsP NWs, as well as fabrication of two-terminal 
photoconductors and three-terminal GAA-phototransistors are presented in this chapter.  
 
3.1. Nanowire growth 

In this thesis work all NWs were grown by the low-pressure MOVPE method. For growth of 
n+- i - n+ InP NW arrays with axially embedded InAsP QDiscs , first a highly doped n-type InP 
(111)B wafer was hexagonally patterned with Au NPs using Talbot displacement lithography88, 
evaporation of Au and lift-off. The Au NPs, with diameter, thickness, and pitch of 130 nm, 40 
nm and 500 nm, respectively, acted as seeds during the growth and set the diameter of the final 
NWs. The patterned wafer was diced into small pieces (1 × 1	cm%)	and inserted into a low-
pressure (100 mbar) Aixtron 200/4 MOVPE growth chamber. The growth started at 400 °C by 
introducing trimethylindium (TMIn) as the precursor for In, phosphine (PH3) as the precursor 
for P and tetraethyltin (TESn) as the n-type doping precursor. Diethylzinc (DEZn) was used as 
precursor for the Zn doping introduced during growth of the i-segment to compensate for the 
unintentional residual n-doping. To grow the 20 InAsP QDiscs inside the i-segment of the 
NWs, PH3 was replaced by arsine (AsH3) repeatedly for 1 s or 2 s (determining the QDiscs’ 
thickness), while keeping the TMIn flow switched off. The liquid Au-In seed particles provide 
the In supply in this case. The TMIn flow was always on during growth of the InP barriers 
between the QDiscs. Figure 3.1 shows a schematic of the growth process. Figures 3.2 (a) and 
(b), respectively, show a scanning electron microscopy (SEM) image of a typical as-grown 
array of NWs and a transmission electron microscopy (TEM) image of a single NW with length 
of around 2 µm and diameter of 135 nm. The bottom and top 500 nm segments of the NWs are 
n+, while the middle 1 µm long segments with QDiscs are nominally intrinsic after adding 
compensating Zn acceptors.  

 
 
Figure 3.1: Schematics of NW/QDisc growth. a) Highly doped n-type InP (111)B wafer patterned with Au NPs. 
b) Growth initiated by introducing the precursors into the chamber. c) Switching from growth of InP NWs to 
InAsP QDiscs and d) switching back to final InP NW growth. Proper dopant precursors (TESn and DEZn) are 
added during growth of the n+- segments and i-segment, respectively. 
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Figure 3.2: a) SEM image of the as-grown NWs with a pitch of 500 nm, a length of 2 µm and a diameter of 
135 nm, and b) TEM image of a single NW with a zoomed-in image of QDiscs region in the middle i-segment.  
 
Scanning transmission electron microscopy (STEM) and energy dispersive X-ray (EDX) point-
scan profiles recorded along single NWs revealed an average QDisc thickness of 6 nm (for the 
QDiscs with 1 s growth time) and a composition of 60% As and 40% P (InAs0.6P0.4), taken in 
the middle of the QDiscs. The average separation between the QDiscs was estimated to be 
around 20 nm, thus excluding any electronic coupling between the QDiscs. 
 
 
3.2. Device processing 
 
3.2.1. Two-terminal photoconductors 
 
First, a summary of the two-terminal photoconductor fabrication is presented here, followed 
by details of each step. The processing started with deposition of SiOx /Al2O3 layers around the 
as-grown NWs, and on the substrate between the NWs using atomic layer deposition (ALD) to 
isolate the NWs. After planarization by spin coating a layer of photoresist and back-etching 
until the tips of the NWs were exposed, the next step was to etch the oxide layers and the Au 
NPs from the tip of the NWs for subsequent top contact formation. Prior to sputtering of the 
top contact, device areas with various sizes were defined in an ultraviolet lithography (UVL) 
session and hard baked. Indium tin oxide (ITO) was sputtered on top and around the tips of the 
bare exposed NWs forming the transparent top contact connecting all NWs in parallel. Finally, 
a bonding pad was defined on each device in a UVL session followed by evaporation of Ti/Au 
bi-layer. Figure 3.3 shows an overview of the procedure for processing of two-terminal 
photoconductors, while a schematic of a fully processed two-terminal device is shown in 
Fig. 3.4. The steps of processing are presented in Table 1 in the appendix, while each step is 
described in detail in the following sections.  
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Figure 3.3: An overview of the processing steps for two-terminal NW array photoconductors. a) The as-grown 
NW array, b) after deposition of oxide layers, c) after burying the NWs in a photoresist layer and etching the oxide 
and Au NPs from the tips of the NWs, d) after defining the device areas, e) after sputtering of the transparent top 
contact and f) after definition of the bond pads. 
 

 
Figure 3.4: a) 3D and b) cross-sectional schematics of a two-terminal photoconductor. The hard-baked photoresist 
between the top contact and the substrate is left out for clarity in (a), but visible in (b).  

 
 
For the initial current-voltage (I-V) measurements, the processed sample was glued to a copper 
disk using silver paint. After choosing the best devices according to the initial I-V 
characteristics, the sample was mounted on a DIL carrier and the chosen devices were bonded 

(b)(a)
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InP

SiOx ITO

Device boundary

Au
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for more in-depth optoelectronic characterization. Figure 3.5 shows an optical image of a fully 
processed sample, comprising many two-terminal devices with different sizes.  
 

  
 

Figure 3.5: Optical image of a fully processed sample with around 100 two-terminal photoconductors with 
various sizes. 
 
3.2.1.1. Deposition and etching of insulating oxide layers 
 
The first step for two-terminal device processing was deposition of a 30 nm thick SiOx layer 
followed by a 5 nm thick Al2O3 around the NWs. All oxide depositions were performed in a 
Savannah ALD using tris(tert-butoxy) silanol and trimethylaluminium (TMA) as the precursor 
for silicon and aluminum, respectively. The first deposited oxide layer is not pure SiO2, but 
SiOx. The Al2O3 was deposited as an adhesive layer to improve the insufficient adhesion of 
photoresist to SiOx in the following step. Figure 3.6 shows an SEM image of the NW array 
after the deposition of the oxide layers.  

 

Figure 3.6: SEM image of NWs after deposition of 30 nm SiOx and 5 nm Al2O3 layers around the NWs.  

The deposited oxide layers had to be etched from the tips of the NWs to form good ohmic 
contacts to the subsequently sputtered top ITO contact. This was carried out by burying the 
NWs in a thick layer of S1818 photoresist (spin coated at 5000 rpm for 60 s), followed by back-
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etching using reactive ion etching (RIE) to expose 200 nm of the NW tips. The oxide layers 
were first etched by stirring the sample slowly in the buffered oxide etchant (BOE) 1:10 for 
26 s, followed by a gold etch (KI/I2 solution) for the same duration to remove the Au NPs. The 
Au NPs were etched to avoid any absorption/reflection of light in the final device. The etched 
oxides caused a discontinuity between the NWs and the photoresist which could lead to a non-
uniform contact formation during sputtering of the top ITO contact in the subsequent step. 
Because of this, the resist was removed by acetone, the sample was rinsed, nitrogen dried and 
covered by a new layer of spun resist, and back etched a second time until the desired length 
of the NW tips was exposed. Finally, the photoresist was hard baked by placing the sample on 
a hot plate at room temperature, increasing the temperature to 200 °C and keeping it constant 
for 15 min. Figure 3.7 shows the exposed bare tips of the NWs after etching the oxide and Au 
NPs and repeating the spin coating step. 

 

Figure 3.7: SEM image of NW array after etching the oxide layers and Au particles from the tips of the NWs 
and repeating the spin coating and RIE steps.  

3.2.1.2. Definition of device areas 
 
The device areas were defined in a UVL session using an MJB4 mask aligner with a wavelength 
of 365 nm in constant power (350 W) mode and an intensity of about 22 mW/cm2. The device 
areas with various sizes were defined on the sample using a suitable mask. The procedure for 
UVL is presented in Table 1 in the appendix.  
 
Figure 3.8 shows an SEM image of the sample after defining and hard baking the device areas. 
The active area in the largest device (not shown here) is 800 × 800	µm%	(0.64 mm2). The NWs 
are standing vertically in hexagonal patterns with a pitch of 500 nm. Each hexagon has a NW 
in the center and six shared NWs with the six adjacent hexagons which means there are three 
NWs per 0.65 µm2, equivalent to around 2.95 million NWs in the largest devices.  
 

 
Figure 3.8: The defined and hard-baked device areas with various sizes.  
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3.2.1.3. Sputtering the top ITO contact  
 
After defining the device areas, the NWs inside the active area of each device needed to be 
connected in parallel. ITO is a well-known transparent conductive material, highly suitable for 
this purpose due to its high conductivity and low absorption in a broad wavelength range. An 
AJA Orion sputter deposition system was used to sputter the ITO contact. Before sputtering, 
the sample was stirred in H2SO4: H2O (1:10) for 30 s to etch any potential native oxide, rinsed 
in DI water, dried with N2 and immediately inserted into the sputtering system. For the 
photoconductors designed for visible-to-NIR detection, we sputtered 150 nm ITO (resulting in 
a 30 nm side wall), while we used 50 nm (resulting in a 10 nm side wall) for the LWIR 
photoconductors. This is due to the strong IR absorption of ITO in the LWIR range. Figure 3.9 
shows the NWs inside the device area after depositing ITO as the top contact with two different 
thickness. After sputtering, the ITO was etched from non-device areas by covering the device 
areas with a layer of S1813 photoresist in a UVL session. The step-by-step procedure for 
sputtering and etching the ITO from non-device areas is presented in Table 1 in the appendix.  
 

 
 

Figure 3.9: The NWs inside the device area after depositing a) 30 nm and b) 10 nm side-wall ITO around the tip 
of the NWs as the top contact. 
 
3.2.1.4. Definition and evaporation of bond pads 
 
The final step of the two-terminal device processing was defining the bond pads in a UVL 
session, followed by evaporating 20 nm Ti and 400 nm Au as the bond pads. The step-by-step 
procedure for UVL and evaporation is presented in Table 1 in the appendix. After UVL, layers 
of 20 nm Ti and 400 nm Au were evaporated on the sample, then lifted off overnight in acetone 
and finally the sample was rinsed and dried with nitrogen.  
 
3.2.2. Three-terminal phototransistors 
 
Figures 3.10 (a) and (b) show 3D and cross-sectional schematics of the developed GAA-
phototransistor design, with all step-by-step device processing details presented below. The n+- 
i- n+ InP NWs, grown by MOVPE on an n+-InP (111)B substrate (acting as the source contact), 
contain 20 InAsP QDiscs in each NW. The transparent global gate contact is fabricated from a 
buried ITO layer, separated from the substrate by a photoresist layer thick enough to precisely 
match the vertical position of the individual wrap-gates with the corresponding i-segment of 
the SiOx-coated NWs. The top drain ITO contact, separated from the buried gate contact by 
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another photoresist layer, connects the tips of all NWs in parallel. Finally, the buried gate 
contact is connected to a bond pad by an etched via hole. Figures 3.10 (c) and (d) show a cross-
sectional SEM image of the fully processed phototransistor, and an optical image of the 
finalized mm2 detector element.  
 

 
Figure 3.10: a) 3D schematic and b) cross-sectional schematic of the developed GAA-phototransistor with color-
coded materials. The hard-baked photoresist, separating the gate from the substrate (source) and top drain contact, 
is left out for clarity in (a), but visible in (b). c) Cross-sectional SEM image of the fully processed device. For 
clarity, the SiOx layer, wrap-gate and drain ITO contacts of a single NW have been color-coded. d) Top-view 
optical image of the detector. The dark circle in the upper gold gate contact is a via hole extending down to the 
buried global ITO gate. The top drain ITO contact is color-coded as in (a).  
 
An overview of the processing steps of GAA-phototransistors is shown in Fig. 3.11. 
Figure 3.11 (a) shows an SEM image of the as-grown NW array. The processing started with 
deposition of 30 nm SiOx and 5 nm Al2O3 layers using ALD to isolate the NWs. The next step 
was sputtering of ITO with 30 nm side wall around the i-segments of the oxide-coated NWs to 
complete the transparent conductive GAA contacts. After defining and hard baking device 
areas with two bond pads (one for the gate contact and another for the top drain contact) in an 
UVL session, the oxide layers and the Au particles were etched from the tips of the NWs in the 
device areas for definition of a low resistance top drain contact (Fig. 3.11 (b)). Fig 3.11 (c) 
shows the device after sputtering the top contact, connecting all NW tips in parallel, with the 
rest of the NWs buried in a thick photoresist layer. The cross-sectional SEM image after this 
step is shown in Fig. 3.11 (d). To access the buried global GAA contact, a via hole was opened 
in the gate bond pad by a UVL step and etched using RIE until the GAA contact was visible in 
SEM. Finally, layers of 10 nm Ti and 400 nm Au were evaporated as the contact pads on the 
pad areas after defining their position in an UVL step (Fig. 3.11 (e)). Figure 3.11 (f) shows the 
final device mounted and bonded on a DIL carrier. The steps of the three-terminal device 
processing are summarized in Table 2 in the appendix.  
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Figure 3.11: (a) to (f). An overview of the processing steps for fabrication of the three-terminal NW array GAA-
phototransistors. 
 
3.2.2.1. Deposition of insulating oxide layers 

This step was done exactly as explained in Section 3.2.1.1 for the two-terminal devices. Figure 
3.12 shows the NW array after deposition of the oxide layers.  

 

Figure 3.12: SEM image of the NWs after depositing the insulating SiOx and Al2O3 bilayer with thicknesses of 30 
nm and 5 nm, respectively.  
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3.2.2.2. Sputtering the gate ITO layer 

Before sputtering the gate ITO layer, it was important to cover the bottom n+-segments of the 
NWs. For this, the NWs were buried in S1818 photoresist. This kept the 500 nm long bottom 
n+-segments safely buried in resist plus a 100 nm margin inside the i-segments (Fig. 3.13 (a)). 
After hard baking the resist at 200 °C for 15 min, the gate ITO layer was sputtered with a 30 nm 
side wall around the NWs using the AJA Orion sputter deposition system discussed in detail in 
3.2.1.3. Sputtering of 150 nm ITO resulted in 30 nm NW side wall deposition (Fig. 3.13 (b)). 
For etching the ITO from the top n+-segments, the NWs were first buried in S1818 photoresist 
and then back-etched by RIE until the top 600 nm part of the NWs i.e., the top n+-segments 
(500 nm in length) with a 100 nm safety margin were exposed (Fig. 3.13 (c)). The ITO layer 
was etched from the exposed top parts by stirring the sample slowly in an HCl : H2O (1:2)  
solution for 20 s, followed by rinsing in DI water and drying with N2. Figure 3.13 (d) shows 
the SEM image of the NW array after etching the ITO from the top n+-segments. The remaining 
cap-shaped particles at the tip of the NWs consist of non-etched ITO. As mentioned earlier, 
150 nm of ITO sputtering results in a 30 nm NW side wall, but the actual planar deposition at 
the very tip of the NWs is 150 nm thick and it was therefore not completely etched away. 
Trying longer etching time in this step could damage the gate as well and because of this, the 
non-etched ITO was left to be etched in the subsequent steps. The side wall ITO was completely 
etched from the top n+-segments in this step. After this step, the resist was removed by stirring 
the sample in acetone for 2 min followed by rinsing and drying with Nitrogen. 

 

Figure 3.13: SEM images after different processing steps for fabrication of three-terminal NW array GAA-
phototransistors. a) NW array with deposited oxide layers and bottom n+-segments buried in a thick resist, b) NW 
array after subsequent sputtering of gate ITO with 30 nm side wall, c) exposed top n+-segments after RIE, while 
protecting the rest of the NWs with photoresist, and d) NW array after etching the ITO from the top n+-segments. 

49



 50 

3.2.2.3. Definition of device areas  
 
The device areas with various sizes were defined in an UVL step. The steps for UVL are 
presented in Table 2 in the appendix. Figure 3.14 (a) shows an SEM image of a sample with 
defined device areas. As noticed, the devices have two bond pads (in contrast to two-terminal 
devices) used for the ITO gate and ITO top contact, respectively. After hard baking the defined 
device areas, they were covered with S1818 photoresist in an UVL step, while the non-device 
areas were left open. The gate ITO was etched from non-device areas using an HCl : H2O (1:2) 
solution for 4 min., followed by rinsing in DI water and drying with N2. This was done to 
electrically isolate the devices from each other. After the etching process, the photoresist was 
removed from the device areas using acetone, the sample was rinsed and dried and S1818 
photoresist was then once again spun on the sample. The following RIE session exposed 
200 nm of the tips of the NWs in the device areas (Fig. 3.14 (b)). This was done to etch the 
oxide from the tips of the NWs to form good ohmic contacts to the top ITO contact deposited 
in the next step. Prior to etching the oxide, the residual ITO caps at the tips of the NWs were 
etched using an HCl : H2O (1:2) solution for 35 s. After that, the oxide layers and Au NPs were 
etched from the tips of the NWs with BOE 1:10 for 25 s, followed by a gold etchant (KI/I2 
solution) for 25 s. Following this, the photoresist was washed away with acetone (Fig. 3.14 (c)), 
the sample was rinsed and dried with N2, and a new photoresist was spun on the sample with 
the same recipe to avoid any discontinuity around the NWs because of the etched oxide. 
Finally, the resist was hard baked at 200 °C for 15 min (Fig. 3.14 (d)). It should be mentioned 
that the NWs buried in both of the bond pads were protected during the etching steps, and thus 
had an intact oxide around the top n+-segments. This was important since the NWs under the 
gate pad were later used to access to the gate contact with a via hole (Section 3.2.2.5).  
 

 
Figure 3.14: SEM images of a sample with a) defined and hard-baked device areas, b) exposed NW tips inside the 
device area before etching, c) etched residual ITO caps, oxide, and Au NPs from the tips of the NWs and removed 
resist, and d) after burying the NWs in photoresist and exposing the bare tips.  
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3.2.2.4. Sputtering the top ITO contact 
 
This step was done exactly as for the two-terminal devices (Section 3.2.1.3), where 150 nm 
sputtering resulted in a 30 nm NW side wall deposition. Figure 3.15 shows the NWs inside a 
device area after sputtering the top ITO contact. Since this ITO sputtering connects all the 
devices together, another UVL step was done to cover the device areas (except the gate pads) 
and to etch the ITO from the non-device areas (also from the gate pad) using an HCl : H2O 
(1:2) solution for 2 min., followed by rinsing in DI water for 1 min. and drying with N2. 
 

 
Figure 3.15: SEM image of a sample showing NWs inside a device area after sputtering the top ITO contact.  

 
3.2.2.5. Definition of the via holes  
 
In this step a via hole was opened in the gate pad by an UVL session, followed by a RIE step 
to access the buried global ITO gate contact. As explained above, the gated NWs still had the 
oxide around their top n-segments, as they were buried in the pad during the etching step. The 
UVL procedure for defining the via hole is presented in Table 2 in the appendix. Figure 3.16 
shows the defined via hole after development. Finally, the spun resist was removed from the 
device area using acetone, followed by rinsing and drying the sample with N2.  
 

 
 

Figure 3.16: Definition of the via hole in the gate pad. 
 
3.2.2.6. Definition and evaporation of bond pads 
 
Similarly to the two-terminal processing scheme, the last step in processing the three-terminal 
devices was definition and evaporation of bond pads. This step was carried out exactly as 
explained in Section 3.2.1.4. Figure 3.11 (f) shows an image of the final device mounted on a 
DIL holder.  
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4. Characterization techniques 
 
The characterization techniques and tools used in this project are explained in this chapter. 
 
4.1. Probe station measurements 
 
A fully processed two-terminal or three-terminal photodetector sample has 108 and 48 devices, 
respectively. Thus it is important to choose the best devices with a quick method and focus on 
them for more in-depth optoelectronic measurements. A probe station system is a quick and 
useful tool for measuring the I-V characteristics of devices. We used a Cascade 11000B probe 
station, together with a Keithley 4200-SCS, for the preliminary I-V measurements. The setup 
is equipped with a 3D micrometer stage, a microscope and four tungsten probes which can 
conveniently be moved individually with micrometer precision and placed on the selected 
device’s contact pads. The I-V measurements were done in dark and under illumination with 
light from the microscope lamp. The devices with highest photocurrent and no artifacts in the 
I-V behavior were chosen for in-depth characterization. Figure 4.1 shows the probe station 
setup in detail. The setup has the option for measurements in complete darkness. This is done 
by enclosing the sample in a light-tight box made of eight side walls connected to each other, 
and a lid mounted on the microscope’s lens which could be lowered (Fig. 4.1 (c)). For the 
measurements under illumination, the light source in the microscope was simply turned on. 
 

 
Figure 4.1: Probe station set-up used for primary I-V measurements. a) Complete probe station setup, b) close-up 
photo of the probes and the light-tight box with the lid attached to the microscope lens in a lifted position, and 
c) light-tight box after lowering the microscope lens and closing the lid.  
 
4.2. Fourier transform infrared photocurrent spectroscopy 
 
Fourier transform infrared spectroscopy (FTIR) is a very powerful and versatile analytical 
method which can be used for measuring spectrally-resolved absorption, transmission, and PC. 
FTIR offers several key advantages, such as very high signal-to-noise ratio and data collection 
speed due to multiplexed measurements and high optical throughput for a given spectral 
resolution89. The Michelson interferometer is the cornerstone in FTIR spectroscopy. The full 
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spectrum of light from a broadband source is shone on a beam splitter and split into two beams: 
one is reflected from a fixed mirror, and the other from a moving mirror. Depending on the 
moving mirror’s exact position, the two beams interfere constructively or destructively when 
they recombine which results in a modulated beam comprising all wavelengths coded in 
frequency by the scanning mirror. This modulated beam is focused on the sample (a NW 
photodetector in our case) where it generates a modulated PC that is amplified by an external 
current-voltage amplifier. The resulting interferogram is the modulated output voltage versus 
mirror position, subsequently converted to spectrally-resolved PC using the well-known 
Fourier transform technique. We used the FTIR model Vertex 80v from Bruker for all 
spectrally-resolved PC measurements. Figure 4.2 (a) shows a schematic of our FTIR 
spectrometer, while Fig. 4.2 (b) shows the spectrometer equipped with a dedicated low-noise 
FTIR pulse tube closed-cycle cryostat (PT-950-FTIR) from Janis/Lake Shore, which was used 
for low temperature measurements down to about 5 K. In this thesis project, two different light 
sources and beam splitters were used depending on the wavelength range of interest. A 
tungsten-halogen lamp was used as the broadband source for NIR measurements along with a 
CaF2 beam splitter, while a globar lamp with a KBr beam splitter was used for MIR and LWIR 
measurements. The modulated PC was amplified using a Keithley 428 current amplifier. Figure 
4.3 shows a schematic of the experimental setup and measurement. 

 
Figure 4.2:  a) Schematic of the FTIR spectrometer setup showing the light path involving the internal NIR and 
MIR sources, beam splitter (BMS) and the sample position where the modulated light reaches the sample mounted 
inside an integrated cryostat shown in (b). b) Photo of the complete FTIR set-up with integrated cryostat. 

 
 

Figure 4.3:  Schematic of the experimental setup for the FTIR measurement. 
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4.3. I-V characterization 
 
Prior to the spectrally-resolved PC measurements described above, in-depth I-V 
characterization was done with the sample mounted in the cryostat.  A Keithley 2636B dual 
channel source meter was used for collecting the I-Vs in dark and under integrated illumination 
from the built-in quartz lamp in our FTIR spectrometer. The temperature could be carefully 
controlled from 300 K down to about 5 K. 
 
4.4. PC measurements by laser 
 
For power-dependent PC measurements using a laser, the internal light source within the FTIR 
spectrometer was shut off, and an external laser illuminated the sample. To enable this, the 
sample was positioned towards one of the input windows of the FTIR spectrometer, while the 
laser was positioned in front of the windows to allow light entry into the spectrometer and onto 
the sample. To regulate the laser output power to extremely low levels, beyond what could be 
achieved by simply adjusting the laser diode current, a variable light attenuator was inserted 
between the laser and the spectrometer, enabling precise control over the desired power level. 
Modulation of the laser light was achieved either through a wave generator or by introducing 
an optical chopper between the laser and the sample. When measuring PC at high laser powers, 
the generated signal could be amplified using a preamp and recorded using an oscilloscope. 
Conversely, at very low laser powers, a lock-in technique was employed to measure the PC, 
allowing for sensitive detection and accurate characterization of the sample's response. 
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5. Photogating effect in two-terminal photoconductors 
 
The photogating effect in NW photodetectors was briefly discussed in section 2.6.4. The 
discussion below summarizes our investigation of a novel photogating mechanism, hitherto 
unknown for InP/InAsP NWs, and its effect on the optoelectronic behavior of two-terminal 
photoconductors based on InP NWs with axially embedded InAsP QDiscs.  
 
5.1. I-V characteristics  
 
The typical I-V characteristics of the two-terminal n+-i-n+ photoconductors in dark and under 
illumination, measured by the Keithley 2636B source meter, are shown in Fig. 5.1. For 
illumination we used the internal quartz lamp (350 nm – 1µm) in the FTIR spectrometer, as 
described above. There are two main reasons for the observed low dark current: i) 
compensation of unintentional n-doping in the i-segment by adding Zn acceptors during growth 
and ii) electrostatic repulsion from the trapped negative charge at the NW/SiOx interface, which 
depletes the NWs radially and increases the potential barrier between the n+- and i-segments in 
the NWs. To investigate the detailed transport mechanisms, in-depth simulations were 
performed as part of this thesis project. All calculations were made using the commercial 
device simulator Synopsys Sentaurus, which solves the continuity equations for electrons and 
holes, including drift-diffusion currents, together with the Poisson equation. The simulations 
were performed using a real device model based on genuine device features such as NW 
dimensions, and the thickness, composition and separation of the QDiscs as measured by TEM 
characterization. As can be seen in Fig. 5.1, there is a very good agreement between the 
experimental data and the simulations. In the simulations, two dominant NW/SiOx interface 
traps below the conduction band of the InP NW and InAsP QDiscs were found which cause 
the observed photogating effect. The large effect of the traps on the I-V characteristics can 
indeed be noticed. The orange trace shows the simulated total current (dark current plus PC) in 
the absence of traps at the given power density. Interestingly, by comparing to a simulation in 
dark (not shown), it is evident that the PC without traps is negligible compared to the dark 
current. 

 
Figure 5.1:  I-V characteristics with and without illumination from a broadband quartz lamp. Left axis shows the 
detector current (in dark: black, under illumination: pink), while the right axis shows the PC (blue), i.e., the 
detector current under illumination subtracted by the dark current. The dashed lines are experimental data, while 
the solid lines are simulations. 
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5.2. Spectrally-resolved PC and responsivity 

Figure 5.2 (a) shows the spectrally-resolved PC in the photodetector for two different applied 
biases under illumination from the quartz lamp, as measured with the FTIR spectrometer. The 
spectrally-resolved responsivity of the detector (Fig. 5.2 (b)), was calculated from the 
spectrally-resolved PC. For this conversion, we used NIST-calibrated Si (FDS100-CAL) and 
Ge (FDG03-CAL) photodiodes purchased from Thorlabs. We attribute the responsivity 
between 0.7 eV and 1.3 eV to interband transitions between the confined energy levels in the 
QDiscs, while the signal between 1.3 eV and 2.5 eV is attributed to interband transitions in the 
InP NWs. The peak at around 1.25 eV reflects an interband transition in the QDiscs to a bound 
state close to the band edge of InP, which leads to a significant PC (and responsivity) increase 
due to an efficient thermal excitation of the electrons from this bound excited state to the 
conduction band of the InP NW. The increased PC and responsivity at higher bias is due to a 
stronger electric field in the i-segment and more efficient extraction of the photogenerated 
carriers.  

 
Figure 5.2: Spectrally-resolved a) PC and b) responsivity (converted from corresponding PC data in (a)), measured 
by FTIR PC spectroscopy. 
 
5.3. Power-dependent responsivity  
 
The PC of the detector was also measured as the laser power was varied. For these 
measurements, we chose a laser operating at 980 nm, with a photon energy below the bandgap 
of InP, so as to selectively excite only the QDiscs. The PC and corresponding responsivity 
(calculated by Eq. 2.17) and gain (calculated by Eq. 2.19 by considering 100% internal 
quantum efficiency and a wavelength of 980 nm) versus optical power are shown in Fig. 5.3 (a) 
and Fig. 5.3 (b), respectively. The highly non-linear optical response is attributed to the trap-
assisted photogating mechanism. The responsivity amounts to 250 A/W (gain of about 320) @ 
20 nW at a bias of 3.5 V, which reduces to 0.2 A/W (gain of about 0.2) @ 20 mW. 
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Figure 5.3: a) Measured (dots) and calculated (solid lines) PC for 980 nm laser excitation versus optical power 
and bias. The experimental data were collected by a standard lock-in technique. b) Extracted responsivity from 
data in (a) (left axis) and corresponding gain (red squares, right axis) at a bias of 3.5 V.  
 
The high responsivity and corresponding high gain shown in Fig. 5.3 (b) stem from the 
mentioned photogating effect. The acceptor states at the NW/SiOx interface are filled with 
electrons in dark conditions which creates a radial electrostatic force, similar to the gate effect 
in a MOSFET. This repulsive force pushes the electrons to the center of the NWs and QDiscs, 
while depleting the surface, as shown in Fig. 5.4 (a). This works in favor of a low dark current 
since it leads to an increased blocking barrier for electrons between the n+- and i-segments in 
the NWs (Fig. 5.4 (b)). Under 980 nm illumination, the photogenerated holes are attracted to 
the negatively charged electrons trapped at the interface and recombine. This neutralization of 
the acceptors lowers the blocking barrier, which leads to a strongly enhanced electron current 
injection which increases the electron density in the i-segment by two orders of magnitude. The 
radial gating voltage along the i-segment after illumination with 980 nm is shown in the bottom 
plot of Fig. 5.4 (b), where the maximum voltage change DVg reaches 0.34 V @1.5 V bias and 
4.4 mW/cm2 power density. 

 
Figure 5.4: a) Radial carrier density in the second QDisc from the left in (b) in dark and under irradiation (980 
nm, 4.4 mW/cm2). b) Calculated band diagram along the center of a NW with 20 QDiscs at a bias of 1.5 V in dark 
and under illumination. The color plot below shows the corresponding radial variation in gating potential along 
the i-segment (QDisc region) of a NW. The center of the NW is at 0, while the thick brown horizontal line marks 
the SiOx cap layer.  
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The electronic properties of the interface traps were investigated in more detail by studying the 
power dependence of the detector’s total current. The total current (dark current plus PC) versus 
optical power is presented in Fig. 5.5 for four different situations. In general, the PC versus 
optical power relation can be expressed as IPC ~Pa , where a<1 signals the presence of a 
photogating effect in contrast to the case of a=1 for a standard photoconductor87. From the 
experimental data (red dots), two different slopes can be noticed. A slope of a = 0.7 at power 
levels around 10-6 W, and another slope of a=0.45 at 10-3 W indicate contributions from at least 
two different acceptor traps to the photogating mechanism. The colored lines in Fig. 5.5 show 
simulations for four cases: without traps, traps at 140 meV, traps at 190 meV below the 
conduction band edge and traps at both levels at the same time. In the case without traps, there 
is no observed photogating effect. The detector has a high dark current, keeping the total current 
constant even for increasing optical power. Only at the highest laser powers does the excess 
carrier density lead to a significant PC. Adding interface acceptor traps reduces the dark current 
due to radial depletion, as discussed above. According to standard Shockley-Read-Hall theory, 
the recombination efficiency depends on the trap energy, with deeper traps (i.e., closer to mid-
bandgap) having the highest recombination rate. Therefore, at lower optical power levels (i.e., 
low hole densities), the traps at 190 meV below the conduction band edge are dominant in the 
photogating effect, while the traps at 140 meV induce a gating signature from about 10-5 W. 
Both trap levels create a distinct slope in the current versus laser power dependence. When the 
gating effect from both traps are considered, a remarkably good agreement between the 
experimental data and simulations over six orders of magnitude in optical power is achieved.  

 
Figure 5.5: Total detector current (PC plus dark current) versus optical power at 980 nm excitation and 1.5 V bias. 
Red dots show measured data. The solid, colored lines show the simulated total current without traps (black), 
when introducing a trap level Et at 140 meV (green) or 190 meV (blue) below the conduction band and, when 
including both traps (red). 
 
5.4. Frequency response  
 
Finally, the photoconductor was illuminated by a modulated output of the 980 nm laser to 
investigate the frequency response. This was done by applying a sinusoidal input signal to the 
laser driver unit. The recorded modulated PC is shown in Fig. 5.6 (a) which was measured 
using AC laser excitation with an amplitude of 0.4 mW oscillating at 100 kHz around a DC 
power level of 2.5 mW. Figure 5.6 (b) shows the normalized PC amplitude versus modulation 
frequency f, e.g., PC(f) / PC(f0), with f0=10 Hz, plotted together with the simulated small-signal 
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response with and without the interface traps. Since no parasitic device effects were considered 
in the simulations, the cut-off frequency for the case with traps is determined by the lifetime of 
the trapped carriers, which amounts to about 20 µs (cut-off at 50 kHz), while the device’s 
bandwidth extends to 100 MHz without traps. The cut-off frequency obtained from the 
experimental data amounts to around 10 kHz. The PC signal decreases roughly linearly with 
log (f) up to about 100 kHz and the PC response at higher frequencies is strongly affected by 
the cut-off frequency of about 175 kHz of the current amplifier (Keithley 428) in addition to 
modulation limitations of the laser driver unit (Thorlabs LDC 205C). From this plot can be 
estimated that the maximum operating frequency of the detector at least stretches into the MHz 
region.  

 
Figure 5.6: a) Recorded PC signal with modulated laser excitation at 100 kHz and 0.9 V applied bias. 
b) Normalized frequency response of the detector (blue dots), plotted together with the simulated response without 
traps (solid red trace) and including the two traps at 140 meV and 190 meV below the conduction band (solid 
black trace), respectively. The pink dashed line is drawn as a guide for the eye.  
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6. LWIR response of two-terminal photodetectors  
 
In this chapter, the LWIR response of the two-terminal photodetectors at low temperature is 
discussed along with the corresponding simulations. An ultra-thin top ITO contact, 10 nm side 
wall around the tip of the NWs, combined with the novel photogating mechanism facilitates an 
improved LWIR normal incidence sensitivity in contrast to traditional planar QWIPs. The 
electronic structure of the QDiscs, including strain and defect-induced photogating effects, and 
optical transition matrix elements were calculated by an 8-band k·p simulation along with 
solving drift-diffusion equations to unravel the physics behind the generation of narrow 
linewidth intersubband signals observed from the QDiscs.  
 
6.1. I-V characteristics  
 
I-V characteristics of a 0.64 mm2 two-terminal photoconductor in dark and under illumination 
at 300 K are shown in Figure 6.1 (a). The total photodetector current, including both dark 
current and PC, was measured under illumination from the built-in quartz lamp in the evacuated 
(0.1 mbar) FTIR spectrometer. Similar to the device discussed in the previous chapter, we 
observed a very small dark current which again is attributed to the successful compensation 
doping using Zn in the i-segment of the NWs and also to the acceptor-like trap states located 
at the interface between the NW and the SiOx isolation shell. In dark, these traps are filled with 
electrons which in effect pushes away the electrons to the center of the NWs and reduces the 
radial width of the electron channel in the NWs. Under illumination, the photogenerated holes 
are attracted to the interface where they recombine with the negatively charged traps which 
opens the electron channel. This photogating mechanism leads to the very high responsivity 
and gain discussed in depth in section 2.6.4, and also in the previous chapter dealing with our 
two-terminal photodetectors operated at room temperature. The cryostat integrated with the 
FTIR, shown in Fig. 4.2 (b), was used to measure the dark current in the photodetector as a 
function of temperature, cooling down from 300 K. A stainless-steel cap was used to cover and 
protect the sample from any dark current generation by black body radiation from the 
surrounding spectrometer. Figure 6.1 (b) shows that the dark current strongly decreases with 
temperature to the measurement limit of our system (around10 fA) already at 200 K, which 
shows the strong combined effect of the Zn doping in the i-segment and photogating.  

 
Figure 6.1: a) I-V characteristics in dark and under illumination at 300 K. b) Temperature dependence of the dark 
current.  
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6.2. Spectrally-resolved responsivity 
 

Fig. 6.2 (a) shows the spectrally-resolved responsivity of the photodetector at room 
temperature, converted from PC measurements using calibrated photodiodes as explained 
before. Clearly, the responsivity is strongly increased at larger biases which can be explained 
by more efficient photocarrier extraction. Figure 6.2 (b) shows the spectrally-resolved 
responsivity at 6 K. The spectral features observed below the bandgap of InP in the inset plots 
of both Figs. 2 (a) and 2 (b) are attributed to interband transitions in the InAsP QDiscs, in 
excellent agreement with the simulations discussed below. 
 

 
Figure 6.2: Spectrally-resolved responsivity at a) 300 K and b) 6 K at three different biases. The spectral features 
observed in the inset plots of both (a) and (b) reflect interband transitions in the InAsP QDiscs. 

 
To be able to measure the spectrally-resolved PC for LWIR at low temperature, the built-in 
globar light source in our spectrometer was used which offers a much higher photon flux in the 
LWIR range compared to the quartz lamp. In Fig. 6.3 (a), not only the above-mentioned 
interband peaks are visible, but also a sharp peak at around 135 meV (9.2 µm) is noticeable 
which reflects an intersubband transition between the ground state and the first excited state in 
the conduction band of the QDiscs. It can be noticed that the shape and magnitude of the 
interband peaks in Fig. 6.3 (a) are not same as in Fig. 6.2 (b), which is due to the unnormalized 
spectrum in Fig. 6.3 (a) with respect to photon flux. The spectral distribution of the photon flux 
from the globar light source is quite different from that of the quartz lamp. In addition, the 
beam splitter in the FTIR was changed from CaF2 to KBr when switching to the globar light 
source to avoid LWIR absorption by the beam splitter which also affects the photon flux 
impinging on the sample. For better understanding, the band diagram and the possible optical 
transitions are shown in the inset of Fig. 6.3 (a). Figure 6.3 (b) shows a zoomed-in part of the 
spectrum in Fig. 3(a), focusing on the MWIR-LWIR range, now properly normalized to the 
photon flux. This normalization in MIR-LWIR region was performed by measuring the photon 
flux with a built-in pyroelectric deuterated L-alanine doped triglycene sulphate (DLaTGS) 
detector.  
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Figure 6.3: a) Spectrally-resolved normal incidence PC at 6 K recorded in a broad spectral range, revealing both 
intersubband and interband PC. The interband transitions 2 and 3 cannot be resolved separately here. b) Zoomed-
in spectra showing the intersubband PC, normalized with respect to the photon flux. The band gap energies for 
the Ge and Si filters used are indicated as green and orange arrows in (a).  
 
Similar spectrally-resolved measurements using the globar light source were carried out using 
Ge and Si filters placed in front of the sample, blocking the interband light. The spectra are 
shown in Fig. 6.3 (b). Evidently, the intersubband transition completely disappear by using the 
Ge filter, while the Si filter strongly reduces the intersubband peak. To explain the physics 
behind these phenomena, one needs to relate the transmission of the filters with the optical 
transitions in the detector. The Ge filter with a bandgap of 0.66 eV (shown by a green arrow in 
6.3 (a)) blocks all interband excitations in both QDiscs and NWs which interestingly results in 
a completely lost intersubband PC signal. On the other hand, using a Si filter (bandgap 
indicated by the orange arrow in 6.3 (a)) only blocks all excitations in InP, resulting in a 
reduced intersubband signal. The Ge and Si filters have around 55 % and 30% transmission at 
9 µm, respectively, so the intersubband signal is expected to be reduced by only a factor of two 
to three. This reveals that there is a clear relation between the sharp intersubband and the 
interband transitions, and that the interband pumping process is crucial for observing an 
intersubband signal. This can be explained by the photogating effect. Under interband 
illumination the conduction channel in the NWs gets wider and more electrons are injected into 
the i-segment of the NWs and captured into the ground state of the QDiscs. Additionally, 
optical interband transitions in the QDiscs can directly feed the ground state of the QDiscs with 
electrons. The increased electron population in the QDiscs, combined with the developed 
ultrathin ITO top contact discussed below, leads to a strongly enhanced intersubband PC. 
 
 

6.3. Electronic structure of embedded quantum discs 
 
An 8-band k·p simulation along with a drift-diffusion transport solver at T = 300 K was used 
to calculated and analyze the electronic structure of a symmetric 2D NW/QDisc structure with 
only 6 QDiscs, shown in Fig. 6.4 (a). The reason for choosing 6 QDiscs in the simulation 
instead of 20 was that simulating a larger number of QDiscs showed unstable numerical 
convergence in the strongly depleted intrinsic region. A 3D simulation at low temperature of 
the full structure was beyond the computational capabilities. To ensure that the simulation 
results were relevant to the real case, the reduced physical model was scaled in a consistent 
way to ensure that all extracted physical parameters were accurate and directly comparable to 
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the experimental data. Figure 6.4 (a) shows the radial trace of the calculated strain tensor for 
the developed model. The QDiscs are under compressive strain, which varies in the radial 
direction. In contrast to a biaxial approximation for an infinite layered system, there is strain 
release towards the NW surface. Moreover, the InP barriers between the QDiscs exhibit tensile 
strain (approx. 0.5 %). Both effects lead to a reduction of total strain energy, and therefore 
significantly improved crystal quality in the nanostructure. The k·p method is applied to each 
of the six individual QDiscs along three vertical cuts through the structure at different radii 
(r = 1 nm, 30 nm, and 60 nm), indicated by the three arrows at the top of the schematic of the 
NW in Fig. 6.4 (a). Thus, a total of 18 k·p problems are solved for the complete system. 
Figure 6.4 (b) displays the conduction band profile along a NW at V= 0 V in the NW center 
and close to the NW surface, respectively. Due to the strain-induced band edge shifts, and the 
electron traps at the NW/oxide interface (discussed briefly above), the conduction band is 
warped, leading to a deeper radial confinement potential at the NW surface.  
 

 
Figure 6.4: a) Calculated radial trace of the strain tensor for the developed NW model; the QDiscs show 
compressive strain, and the barriers tensile strain. The arrows at the top indicate the radial positions where subband 
calculations have been performed for the QDiscs. The grey-colored stripe to the right indicates the SiOx shell 
around the NW and b) conduction band profile at 0 V bias along the NW center (r=0 nm, solid black line) and 
close to the NW surface (r=60 nm, dashed blue line) 
 
The subband dispersions from the k·p calculation are shown in Fig. 6.5. Also, the polarization-
resolved matrix elements for interband and intersubband transitions have been extracted. For 
this calculation, a voltage V = 0.8 V at the contacts was chosen, which introduces an electric 
field across the QDiscs in the reduced simulation structure similar to that at V = 2.0 V applied 
in the experiments. Matrix elements for interband transitions with non-zero entries are the 
following: for in-plane polarization neglecting excitonic shifts, EC1 – EHH1 (0.90 eV), EC1 – 
EHH2 (0.95 eV), and EC2 – EHH3 (1.10 eV). In an ideal QW, the transitions involving states with 
different parity would not be allowed. However, according to our previous studies on similar 
devices, our detectors exhibit a photonic crystal effect, which gives rise to a longitudinal 
electric field component along the NWs, enabling the intersubband transition possible11.  These 
calculated transition energies are in good agreement with the experimental data shown in 
Figs. 6.2 (a) and 6.3 (a). For a direct comparison with the low-temperature data, a thermal 
Varshni-type blue-shift of 120 meV should be added90. The calculated intersubband transition 
matrix element between EC1 and EC2 is due to the non-zero entries of matrix elements only for 
the out-of plane polarization of the incoming radiation. The calculated transition energy of 
130 meV is in good agreement with the experimental results in Fig. 6.3. This calculated 
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intersubband energy needs to be red shifted for a direct comparison with the low-temperate 
experimental data; a thermal red shift for intersubband transitions of 8 meV has been reported 
for cooling down from 300 K to 4 K91. 
 

 
Figure 6.5: Band dispersion relations from an 8-band k·p-simulation of a single QDisc, showing the relevant 
interband and intersubband transitions also discussed in Figs. 6.2 and 6.3. The intersubband transition from EC1 
to EC2 is shown with a red arrow at k=0. 
 
Conventionally, the selection rules for QWs, similar to the present QDiscs,  require out-of plane 
polarization for intersubband transitions in contrast to the in-plane conditions in our 
experiments. In the first report by us on intersubband transitions in QDiscs11, we proposed that 
our NW detectors display a photonic crystal effect which results in a longitudinal electric field 
component along the NWs. Interestingly, the intersubband PC decreases when the sample is 
rotated from normal incidence conditions, in contrast to the mentioned selection rules for QWs. 
This is attributed to a decreasing electron concentration in the ground state of the QDiscs under 
tilted conditions due to the decreased interband pumping and photogating effect, as discussed 
above. Simulations show that the electron density in the QDiscs in dark at V = 0.8 V and T = 
300 K (which creates a similar bias as 2 V in the experiments) is only about 2 × 10@A	cmBC. 
Under interband excitation, this concentration increases by at least two orders of magnitude. 
The variation of the intersubband transition energy in our simulations due to inhomogeneities 
in the structure (local electric field, strain, and charge density) is within 5 meV, which in part 
explains the narrow FWHM of about 5 meV in the experiments (in fact, similar to typical high-
quality planar quantum well IR photodetectors92). Interestingly, the electron energy level EC3 
in Fig. 6.5 only occurs in the vicinity of the NW surface, where the QDisc potential is warped 
resulting in a deeper confinement potential (see Fig. 6.4 (b)) and an additional bound electron 
state.  
 
6.4. Characterization of ultra-thin ITO layers 
 
Improved processing, especially the development of an ultra-thin ITO top contact, underlies 
the significantly improved signal-to-noise ratio (SNR) of the sharp intersubband peak. ITO 
shows strong absorption in the LWIR region wherefore it is typically not used as transparent 
contacts in this spectral range. We investigated the transmission of ITO layers with various 
thickness, sputtered onto an undoped silicon substrate, as shown in Fig. 6.6 (a). Clearly, 150 nm 
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of ITO, which was used in our previous processing, exhibits a drastic absorption in the LWIR 
range. In the current processing scheme, we have instead used 50 nm thick ITO top contact 
layers with almost three times higher transmission at around 9 µm. This nominal 50 nm 
sputtering results in merely 10 nm thick side wall deposition of ITO around the tips of the NWs 
as can be seen in Fig. 3.9 (b). The sheet resistance of this thin ITO layer is another important 
factor for the performance of the detector. We used the familiar four-point probe technique to 
measure the sheet resistance of sputtered ITO layers with different thicknesses. The well-
known textbook formula 𝑅D = 4.53236	 ∆F

>
 was used to calculate the sheet resistance, where I 

is the applied current to the outer two probes and ∆V is the measured voltage between the two 
inner probes. Figure 6.6 (b) shows the sheet resistance of ITO layers versus thickness. The 
sheet resistance of the ITO layer increases from 55 Ω/sq for 150 nm to 220 Ω/sq and 
2500 Ω/sq	 for 50 nm and 10 nm thickness, respectively. 
 

 
Figure 6.6: a) Transmission spectra of ITO layers with different thickness deposited on an undoped silicon 
substrate. The spectra are normalized to the transmission of the bare substrate. b) Sheet resistance of ITO versus 
thickness, measured by the four-probe technique.  
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7. Room-temperature GAA-phototransistors  
 
This chapter presents and discusses the findings of thorough electrical and optical 
characterization conducted on the three-terminal GAA-phototransistor. Additionally, extensive 
simulations were performed to enhance our comprehension of the complex optoelectronic 
behaviors. The main conclusions from the simulations are also added to this chapter.  
 
7.1. I-V characterization 
 
To investigate the impact of the gate on the performance of the three-terminal devices, we 
analyzed the output characteristics of the phototransistor both in dark (Fig. 7.1 (a)) and under 
illumination (Fig. 7.1 (b)). The drain-source photocurrent (PCDS) in (b) was obtained by 
subtracting the dark current from the total phototransistor current measured under illumination 
using our FTIR spectrometer’s built-in halogen-tungsten lamp. The transistor behavior is 
clearly observed with a gate-controlled dark current (IDS) and PCDS extending over several 
orders of magnitude. To comprehend the asymmetric trends in the IDS and PCDS traces, one 
must consider the potential difference between the NWs and the wrap gate under positive and 
negative VDS. For example, at VGS = 0.0 V and a negative VDS (with the source grounded and 
negative bias applied to the top ITO drain contact), an inward electric field leads to electron 
accumulation in the NWs, resulting in a substantial increase in drain-source current. 
Conversely, at VGS = 0.0 V and a positive VDS, the outward electric field depletes the NWs, 
reducing the current. In these devices, similar to the two-terminal devices, the low IDS observed 
for positive VDS indicates successful compensation of residual unintentional n-type doping 
during the growth of the nominally intrinsic i-segment, thereby significantly improving the 
phototransistor performance. 
 

 
Figure 7.1: Phototransistor output characteristics a) in the dark and b) under illumination (after subtracting the 
dark current) for different VGS. 
 

7.2. Spectrally-resolved, bias-tunable responsivity 

The spectrally-resolved PCDS of the phototransistor was measured using FTIR PC spectroscopy 
for various applied VGS (Fig. 7.2 (a)). To facilitate a comparison between different applied VGS, 
the spectra were normalized to the peak PCDS value. It is evident that there is a single onset at 
around 1.3 eV for VGS = 0.0 V, attributed to the optical interband transition in the InP NWs. 
With increasing gate bias, new spectral features emerge around 0.7 eV and 1.15 eV. These new 
features are associated with optical interband transitions between the ground and first excited 
electron and heavy hole states in the InAsP QDiscs. The final excited electron state in the 
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QDiscs is close to the band edge of InP, allowing excited electrons to be thermally emitted to 
the conduction band of the InP NWs. The spectrally-resolved PCDS was converted to spectrally-
resolved responsivity, as shown in Fig. 7.2 (b) using NIST-calibrated Si (FDS100- CAL) and 
Ge (FDG03-CAL) photodiodes, purchased from Thorlabs. 

 

Figure 7.2: a) Spectrally-resolved PCDS at different VGS. The spectra have been normalized to a peak value of 1.0. 
b) Calibrated phototransistor responsivities at VGS = 0.0 and 1.0 V, respectively, extracted from (a). The 
VGS = 0.0 V trace has been multiplied by 80.  

7.3. Modeling results and transistor characteristics  

To comprehend the underlying physics governing the optoelectronic behavior of the current 
GAA-phototransistor, in-depth simulations of carrier transport dynamics have been conducted. 
These simulations utilized a radially symmetric 2D geometry of a single NW. Similar to the 
two-terminal photodetector, all simulations were performed using the commercial device 
simulator Synopsys Sentaurus, which solves the continuity equations for electrons and holes, 
incorporating drift-diffusion currents, along with the Poisson equation. The dimensions of the 
NW and also the thickness and composition of the QDiscs were determined from TEM and 
EDX investigations of the NWs. Key simulation parameters, such as doping profile of different 
segments, band offset between the InP NWs and InAsP QDiscs, Shockley-Read-Hall 
recombination lifetimes, densities, and energy positions of identified interface traps, were all 
derived from the analysis of the two-terminal photodetectors. 

As explained in Chapter 5, we attribute the novel discovered photogating effect in the two-
terminal photodetectors to acceptor-type NW/SiOx interface traps located 140 and 190 meV 
below the conduction band edge. In the current GAA-phototransistors, the global gate contact 
surrounding the i-segment in each NW controls the electron concentration in the NW and 
governs the dynamic photocarrier interactions along with the trapped interface charges. 

Figure 7.3 (a) displays the output characteristics of the phototransistor at VGS = 0.0 V in both 
dark and illuminated conditions, revealing a good agreement between the experimental and the 
theoretical data, except for a discrepancy at higher VDS attributed to the nonlinear leakage 
current through the wrap-gates, which was not considered in the simulations. In Fig. 7.3 (b), 
the calculated conduction band profile along the NW axis is depicted in both dark and 
illuminated states for VDS = 0.5 V and two different gate biases: VGS = 0.0 V and VGS = 1.0 V, 
respectively. In the dark condition at VGS = 0.0 V the NW experiences strong depletion (slightly 
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inverted to p-type) due to the GAA-contact, resulting in virtually no electric field across the i-
segment of the NW, thus operating in a diffusion-driven subthreshold mode. The carrier 
dynamics can be further understood from the phototransistor transfer characteristics at 
VDS = 0.5 V, as shown in Figure 7.3 (c). In the dark, a threshold bias of around 0.3 V is required 
to overcome the NW depletion. Figure 7.3 (d) illustrates the calculated positive charge on the 
ITO gate and the negative charge stored in the NW/SiOx interface traps in the same gate area 
under both dark and illuminated conditions. At gate biases below 0.3 V, the interface trap states 
remain mostly empty and inactive (well above the Fermi level). By increasing the gate bias 
above 0.3 V, the phototransistor is successively biased into an on-state drift mode manifested 
by a strongly increased dark current and trapped interface charge. Figure 7.3 (b) demonstrates 
that at VGS = 1.0 V, a substantial electric field along the NW is established, setting the 
phototransistor in a fully drift mode operation. 

In Fig. 7.3 (b), the dashed and solid black lines illustrate the corresponding conduction band 
under illumination for both gate biases (VGS = 0.0 V and VGS = 1.0 V). In the subthreshold 
regime, the photocurrent PCDS is governed by the photogating effect, where the photogenerated 
holes accumulate on the NW surface, shielding the gate and locking the quasi-Fermi level close 
to the conduction band. This results in an almost gate-independent PCDS up to 0.6 V 
(Fig. 7.3 (c)). It is noteworthy that the subthreshold regime under illumination is dependent on 
the optical power and can be shifted to a lower gate bias by reducing the optical power. The 
exponential increase of PCDS with VGS above 0.6 V resembles phototransistor operation. This 
rise in PCDS in the phototransistor mode is accompanied by an increase in the integrated trapped 
electron density (Fig. 7.3 (d)), effectively counteracting the gate control. 

With the discussion above, the observed bias-tunable, spectrally-resolved PCDS in Fig. 7.2 (a) 
becomes more comprehensible. In the subthreshold region (VGS below 0.3 V), where there is 
no electric field along the i-segment of the NW, optically generated electron-hole pairs in the 
InAsP QDiscs and their associated InP barriers are primarily trapped in the QDiscs’ potential, 
leading to minimal contribution to PCDS. However, above VGS = 0.3 V, an electric field is 
present, enabling the extraction of the photogenerated carriers in both the InP barriers and the 
InAsP QDiscs. The optical transitions in the QDiscs involve the ground state and first excited 
electron and heavy hole states in the QDiscs, which covers the spectral range of 0.7 to 1.6 eV. 
The excited carriers can then escape from the QDiscs’ bound state into the InP continuum state 
via thermal emission, facilitated by various barrier-lowering mechanisms, such as the Poole-
Frenkel effect and phonon-assisted tunneling 60, and subsequently be driven to the outer circuit 
by an applied electric field. 
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Figure 7.3: a) Phototransistor output (IDS + PCDS) characteristics at VGS = 0.0 V. Solid and dashed lines are the 
experimental and simulated data, respectively. b) Conduction band profiles in the NW QDisc region along the 
NW for VDS = 0.5 V. Top curves (dashed) for VGS = 0.0 V, and bottom curves (solid) for VGS = 1.0 V. The thin 
lines are the respective quasi-Fermi levels. c) Phototransistor transfer characteristics at VDS = 0.5 V. The dots are 
experimental data, while the dashed lines are from simulations. d) Calculated positive gate charge and integrated 
(negative) interface electron density in the gate region versus VGS in the dark and under illumination. 
 
7.4. Time-response measurements  
 
To be able to calculate the gain and bandwidth of the GAA-phototransistor, time-response 
measurements were carried out using a 638 nm laser diode (Cobolt 06-MLD) with a 10 Hz 
square wave at various optical powers. The recorded transient PCDS with a constant VDS =0.5 V 
and two gate biases of VGS =0.2 V and VGS =1.0 V are shown in Fig 7.4 (a) and (b), respectively. 
The gate biases were chosen in accordance with the mentioned diffusion and drift modes. The 
noticeable fast oscillatory behavior of the transient measurements is due to optical switching 
of the phototransistor from an off-state to an on-state, including charging various device 
capacitors. The zoomed-in parts of the time-resolved PCDS measurement with a laser power of 
3 mW are shown in Fig 7.4 (c) and (d) which correspond to the rise and fall time of 4 μs and 
10 μs, respectively. Using Eq. 2.20, the bandwidths were calculated to be 350 kHz and 90 kHz 
for VGS = 0.2 V and VGS = 1.0 V, respectively. It should be mentioned here that the measured 
rise time and the bandwidth of the phototransistor is strongly influenced by the deployed 
current-voltage amplifier (Keithley 428), with a stipulated rise time of a few µs. The bandwidth 
of the phototransistor is also affected by the carrier dynamics including the interface traps. As 
discussed above, in the diffusion mode (low gate bias) the trap states are mainly empty and 

VGS = 0.0 V

VGS = 1.0 V
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inactive, leading to a fast photoresponse and higher bandwidth. On the other hand, in the drift 
mode (high gate bias), the traps are filled with electrons and the phototransistor is controlled 
by a combined effect of charges in the interface traps and on the gate. The photogating 
mechanism due to the trapped electrons in the interface states prolongs the transient time, 
resulting in a lower bandwidth.  
 

 
Figure 7.4: a) Transient PCDS recorded at three different 638 nm laser powers with VDS = 0.5 V and a) VGS = 0.2 V 
and b) VGS = 1.0 V, respectively. c) Rise and d) fall trends of the GAA-phototransistor under 3 mW laser excitation 
at VDS = 0.5 V.  
 
7.5. Power-dependence  
 
Figure 7.5 (a) shows the power-dependent PCDS measured at two different gate biases. At 
VGS = 0.2 V, the PCDS increases almost linearly with increasing laser power from 20 μW to 
4 mW, while it shows a flat behavior at VGS = 1.0 V. The responsivity was calculated from 
Eq. 2.17, while the gain was calculated from Eq. 2.19, assuming 100% internal quantum 
efficiency and a wavelength of 638 nm. The extracted responsivity and gain from the data in 
Fig. 7.5 (a) are shown in Fig. 7.5 (b). 
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Figure 7.5: a) Dependence of PCDS on optical power at VDS = 0.5 V. The dashed colored traces are simulated data. 
b) Extracted responsivity (red/dark blue) and corresponding gain (orange/light blue) from (a). The upper (lower) 
sets of data are for VGS = 1.0 V (0.2 V), as indicated in the figure. 
 
An NEP of about 5 pW was extracted using a 638 nm laser and a chopper/lock-in amplifier 
setup, operating at 20 Hz. Considering the calculated NEP and Eq. 2.21, the specific detectivity 
was found to be 𝐷∗ = 2 × 10@G (!$

!IJ)%/!

L
 at VDS = 0.5 V and VGS = 1.0 V.  
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8. Summary and outlook 
 
In this thesis project, we developed and investigated two-and three-terminal broadband IR 
photodetectors based on millions of vertically standing InP NWs with 20 InAsP QDiscs 
embedded inside each NW. This was done in three different sub-projects presented below.  
 
 
Investigation of novel photogating mechanism in two-terminal photodetectors 
First, we did an in-depth investigation of the novel photogating effect in two-terminal NW 
photodetectors. From room-temperature optoelectronic characterization, combined with 
advanced theoretical modeling, two hitherto unknown acceptor-like traps were found at the 
NW/oxide interface. These traps act as the gate in a MOSFET where electrons can be trapped 
or released in dark and under illumination, resulting in a low dark current and very high 
gain/responsivity.  
 
Realization and characterization of the first three-terminal NW array phototransistor. 
In the second phase of this thesis work, we developed a three-terminal photodetector where a 
buried transparent wrap-gate around the NWs was added to the intricate structure. This 
facilitates a radial control of the carrier concentration in the NWs and QDiscs by more than 
two orders of magnitude. The transfer characteristics revealed two different transport regimes. 
In the subthreshold regime, the photodetector operates in a diffusion mode with a distinct 
spectral onset at the bandgap of InP. At larger gate biases, the phototransistor is set in a drift 
mode with a strong spectral contribution from the InAsP QDiscs. Besides the unexpected 
spectral tunability, the detector exhibits a state-of-the-art responsivity with a gain-bandwidth 
product of around one MHz. The experimental results for both detector types were in very good 
agreement with a real-device model. 
 
Enhanced LWIR detection by photogating and ultra-thin ITO contacts 
In the last phase we investigated the optical response of similar two-terminal photodetectors at 
low temperature. Spectrally-resolved measurements at 6 K, combined with theoretical 
calculations, revealed and elucidated the details around intriguing interband and intersubband 
signals involving discrete states in the embedded QDiscs. In particular we observed a fairly 
strong and quite narrow LWIR PC signal at around 0.135 eV (9.2 μm), originating from a 
transition between the ground state and first excited state in the QDiscs. In this work, we also 
developed the processing of ultra-thin top ITO contacts for significantly enhance LWIR 
transmission.  
 
Summarized, this thesis work has been very exciting! The work has led to the development of 
a novel NW detector platform with high potential for realizing commercially viable 
competitive broadband photodetectors with electrically tunable photoresponse. There is still 
room for further investigations. For instance, what is the true nature of the trap states? Is it 
possible to tailor the trap state dynamics to remove the photogating effect for ultrafast response 
suitable for optical communication? Or optimize the photogating effect for maximum gain to 
realize detectors with single photon detection capability? How about developing semipersistent 
photoresponse for fabrication of optical synapses or artificial retinas, mimicking biological 
memory or vision functionality? Also, using an ultrathin buried ITO gate contact would further 
enhance the intersubband signal and possibly facilitate novel exciting research around bias-
tunable electron-photon interactions in nanoscale systems.  
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Appendix 
 

Table 1: Overview of processing steps for fabrication of two-terminal photoconductors. 

Consecutive processing steps Description 

Atomic layer deposition 
(ALD) 30 nm SiOx + 5 nm Al2O3 

Planarization 
Spinning S1818 photoresist at 5000 rpm for 60 s followed by soft baking at 
115 °C for 90 s 

Back etching of resist RIE until the tip of the NWs are exposed 

Etching oxide / Au 26 s in BOE 1:10 followed by 26 s in gold etchant (KI/I2), followed by 
rinsing in DI water and drying with N2 

Deposition of new resist 
Removing the old resist by acetone, rinsing in DI water, drying with N2, 
spinning a new resist with the same recipe followed by RIE until the bare 
tips of the NWs are exposed 

Hard baking of resist 
Placing the sample on a hot plate at room temperature, increasing the 
temperature to 200 °C and keeping it constant for 15 min 

Definition of device areas 

• Spinning S1828 photoresist at 3500 rpm for 60 s 
• Soft baking at 115 °C for 90 s 
• UV exposure for 24 with a suitable mask 
• 2 min development with MF 319 
• Rinsing with DI water and drying with N2 

Hard baking device areas 
Placing the sample on a hot plate at room temperature, increasing the 
temperature to 200 °C and keeping it constant for 15 min 

Etching native oxide and 
sputtering the ITO top contact  

• Stirring the sample in H2SO4 : H2O (1:10) for 30 s, followed by 
rinsing in DI water for 1 min and drying with N2 

• Loading the sample immediately into the sputter and sputtering 
of 150 nm ITO which results in 30 nm sidewall around the tips of 
the NWs 

Etching ITO from 
non-device areas 

 
Covering 
device 
areas 

• Spinning S1813 photoresist at 3000 rpm for 60 s 
• Soft baking at 115 °C for 90 s 
• UV exposure for 8 s with a suitable mask 
• 2 min development in MF 319 followed by rinsing in DI water 

and drying with N2 

Etching 
Stirring the sample in HCl : H2O 1:2 solution for 2 min followed by 
rinsing with DI water and drying with N2 

Definition of bond pads 

• Removing the resist from the previous step 
• Spinning a layer of MaN 490 photoresist (6000 rpm for 60 s) 
• Soft baking at 90 °C for 110 s 
• 32 s UV exposure with a suitable mask 
• Development in Ma-D 332S for 2 min, followed by rinsing in DI 

and drying with N2 
• Evaporation of 20 nm Ti and 400 Au, followed by overnight lift-

off in acetone and rinsing with IPA 
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Table 2: Overview of processing steps for fabrication of three-terminal phototransistors. 

Consecutive processing steps Description 

ALD 30 nm SiOx + 5 nm Al2O3 

Gate ITO 

Resist spin coating Spinning S1818 photoresist at 5000 rpm for 60 s followed by soft baking 
at 115 °C for 90 s 

Back etching of 
resist RIE until just 600 nm of the NWs from bottom is covered by the resist 

Hard baking of 
resist 

Placing the sample on a hot plate at room temperature, increasing the 
temperature to 200 °C and keeping it constant for 15 min. 

Definition of ITO 
gate contact 

Sputtering of 150 nm ITO which results in 30 nm sidewall around the 
NWs 

Etching 
gate ITO 
from top 
n-
segments 

Resist spin coating Spinning S1818 photoresist at 5000 rpm for 60 s followed by soft baking 
at 115 °C for 90 s 

Back etching of 
resist RIE until 600 nm of the NWs is exposed 

Etching ITO from 
NW tips 

Stirring the sample slowly in an HCl : H2O (1:2)  solution for 20 s, 
followed by rinsing in DI water and drying with N2 

Removing the old 
resist 

Stirring the sample in acetone for 2 min., followed by rinsing in DI and 
drying with N2 

Device area definition and hard 
bake 

• Spinning S1828 photoresist at 3500 rpm for 60 s 
• Soft baking at 115 °C for 90 s 
• UV exposure for 24 s with a suitable mask 
• 2 min. development in MF 319 followed by rinsing in DI water 

and drying with N2 
• Placing the sample on a hot plate at room temperature, 

increasing the temperature to 200 °C and keeping it constant for 
15 min. 

Etching the 
gate ITO from 
non-device 
areas 

Covering the 
device areas 

• Spinning S1813 photoresist at 3000 rpm for 60 s 
• Soft baking at 115 °C for 90 s 
• UV exposure for 8 s with a suitable mask 
• 2 min. development in MF 319 followed by rinsing in DI water 

and drying with N2 

Etching Stirring the sample in HCl : H2O (1:2) solution for 4 min., followed by 
rinsing in DI water and drying with N2 

Removing the covering resist 
from device areas Stirring the sample in acetone for 2 min. followed by rinsing in DI 
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Etching the residual gate ITO, 
oxides and Au NPs 

• Spinning S1818 photoresist at 5000 rpm for 60 s followed by 
soft baking at 115 °C for 90 s 

• RIE until 600 nm of the NWs is exposed 
• Stirring the sample in H2O (1:2) solution for 35 s, followed by 

stirring 25 s in BOE 1:10 and 25 s in gold etchant (KI/I2) 

Deposition and hard baking of 
new resist  

 

• Removing the previous resist by acetone, rinsing in DI water, 
drying by N2, spinning a new resist with same recipe followed 
by RIE until the tips of the NWs are exposed 

• Placing the sample on a hot plate at room temperature, 
increasing the temperature to 200 °C and keeping it constant for 
15 min. 

Top contact ITO Sputtering 150 nm ITO which results in 30 nm sidewall around 
the NWs 

Etching the 
top ITO from 
non-device 
areas and one 
of the pads 

Covering the 
device area 
with resist 

• Spinning S1813 photoresist at 3000 rpm for 60 s 
• Soft baking at 115 °C for 90 s 
• UV exposure for 8 s with a suitable mask 
• 2 min. development with MF 319 
• Drying with N2 

Etching the 
top ITO from 
non-device 
areas 

Stirring the sample in HCl : H2O 1:2 solution for 2 min. followed by 
rinsing in DI water and drying with N2 

Removing the covering resist 
from device areas Stirring the sample in acetone for 2 min. followed by rinsing in DI. 

Formation of via hole 

• Spinning S1828 at 3000 rpm for 60 s 
• Soft baking at 115 °C for 90  
• A 50 s UV exposure using a suitable UVL mask 
• Development in MF319 for 2 min., followed by rinsing in DI 

water and drying with N2 
• RIE to etch the hard-baked device areas until the gate ITO 

around the i-segments of the NWs buried in the pads are visible 
 

Definition of bond pads  

• Removing the resist from the previous step 
• Spinning a layer of MaN 490 photoresist (6000 rpm for 60 s) 
• 32 s of UV exposure with a suitable mask 
• Development in Ma-D 332S for 2 min., followed by rinsing in 

DI and drying with N2 
Evaporation of 10 nm Ti and 400 Au, followed by overnight lift-
off in acetone, rinsing with IPA and drying with N2 
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InP/InAsP Quantum Discs-in-
Nanowire Array Photodetectors

Imagine having eyes which can 
detect and see infrared light, 
similar to how some animals, such 
as snakes, can see in darkness by 
sensing heat. However, as we cannot 
see infrared light, we need specific 
detectors to capture and “see” those 
invisible waves. Historically, scientists 
have tried diverse ways to detect 
infrared light for different purposes 
like night vision, safety, and later for 
complicated technologies such as 
telecommunication. This thesis discusses the development of novel infrared 
light detectors comprising several millions of standing indium phosphide 
nanowires, connected in parallel as a single detector.
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