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Infrared Photodetectors based on 
Nanowire Arrays with Embedded 
Quantum Heterostructures
Semiconductor nanowires have shown great potential for a broad range of 
electronics and optoelectronics applications such as transistors, lasers, LEDs 
and sensors due to their unique fundamental properties.

This thesis describes the development of a novel class of infrared photode-
tectors based on large arrays of InP NWs with embedded InAsP quantum 
heterostructures. The results might pave the way toward disruptive high-per-
formance detection systems monolithically integrated with mainstream Si 
electronics.
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Abstract 
Optical sensors operating in the infrared range of the electromagnetic spectrum are 
key components in a variety of applications including optical communication, night 
vision, medical diagnosis, surveillance, and astronomy. Semiconductor nanowires 
have great potential for realizing broadband infrared photodetectors with excellent 
responsivity, low dark current and low noise, and a unique compatibility with 
commercial silicon-based electronics. In this thesis work, comprising three 
published articles in Nano Letters, we synthesized, characterized and modeled 
disruptive infrared photodetectors based on InP nanowires with axially embedded 
InAsP quantum discs. In the first article, we made a combined study of design, 
growth, device processing and optoelectronic properties of n+−i−n+ InP detector 
elements comprising 4 million periodically ordered nanowires in arrays, including 
either a single or 20 InAsP quantum discs. Optimized Zn compensation of the 
residual non-intentional n-dopants in the i-segment suppressed the dark current at 
room-temperature to a few pA/NW. The detector elements exhibit a strong 
broadband photoresponse with contributions from both the InP and InAsP segments 
with a threshold wavelength of about 2.0 μm and a bias-tunable responsivity 
reaching 7 A/W@ 1.38 μm at 2 V bias.   In the second article, we performed an in-
depth experimental and theoretical investigation of the responsivity of optimized 
photodetectors under different illumination conditions. The photodetectors exhibit 
strongly bias and power-dependent responsivities reaching record-high values of 
250 A/W at 980 nm/20 nW and 990 A/W at 532 nm/60 nW, both at 3.5 V bias. 
Complementary real device modeling revealed a new photogating mechanism, 
induced by the complex charge carrier dynamics involving optical excitation and 
recombination in the quantum discs and interface traps, which reduces the electron 
transport barrier between the n+-segment and the i-segment under illumination.  
Finally, in the last article, we demonstrate the first intersubband photocurrent 
response in a nanowire heterostructure array photodetector.  The infrared response 
from 3 to 20 μm is enabled by intersubband transitions in the low-bandgap InAsP 
quantum discs. The intriguing optical characteristics, including unexpected 
sensitivity to normal incident radiation, are partly explained by excitation of the 
longitudinal component of optical modes in the photonic crystal formed by the 
nanostructured portion of the detectors.  Our results show that properly designed 
arrays of axial nanowire heterostructures are promising candidates for realization of 
commercially viable broadband photodetectors.   
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Popular scientific summary 
The light we can see with our eyes is a very small portion of what is known as 
Electromagnetic radiation, or waves. Electromagnetic waves vary across a broad 
range from gamma radiation used to kill cancer cells, or the x-rays used for medical 
imaging, to radio waves used for communication. The fundamental nature of 
electromagnetic radiation is oscillating, interconnected electric and magnetic waves. 
The main difference between the varies types of waves is the wavelength, the 
distance between two corresponding peaks, or troughs, in the electromagnetic fields. 
Infrared (IR) radiation is also an example of electromagnetic radiation, one of great 
technological importance. All objects in the universe emit some level of IR 
radiation, invisible to human eyes but sensed by us as heat, two well-known 
examples being the sun, and fire. Electronic devices that are sensitive to IR radiation 
are called IR sensors. IR sensors are key components in a variety of applications 
including optical communication, night vision, medical diagnosis, surveillance, and 
astronomy.  

During my PhD, I have worked on a new class of IR sensors based on tiny 
nanocrystals called nanowires (NWs). Nanowires are needle-like structures, around 
a thousand times thinner than human hair. In our sensors, millions of connected 
NWs stand vertically next to each other with free space in between. Properly 
optimized with respect to diameter and inter-nanowire distance, these nanomaterials 
are excellent absorbers for IR radiation due to their antenna-like shape and matched 
optical properties. Moreover, the small diameter of the NWs makes it possible to 
combine different semiconductor materials along the NW (so called NW 
heterostructures), and thereby to tune their electro-optical properties. The small 
diameter of the NWs also potentially makes it possible to integrate NW sensors with 
standard commercial silicon electronics.  

In my research work, I have used many different advanced techniques to fabricate 
and analyze IR sensors based on NW heterostructures. By embedding thin segments 
of different material in the NWs, we demonstrate a new class of sensors with state-
of-the-art sensitivity and broadband characteristics. In order to unravel the physical 
mechanisms behind their excellent performance, we also carried out extensive data 
analysis and simulations. 

I believe that the outcome of my PhD work represents a significant step forward 
towards understanding how to design novel commercially viable high-performance 
photodetectors for future smart electronic solutions.  
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1 Introduction 

Semiconductor nanowires (NWs) have been extensively studied during the last two 
decades due to their interesting fundamental electro-optical properties. It has been 
shown that NWs are promising nanoscale structures for the next generation of 
electrical and optical devices such as field-effect transistors1, solar cells2,3, diodes4, 
LEDs5,6, lasers7,8 and photodetectors9,10. The small footprint of NWs leads to an 
efficient relaxation of strain in lattice-mismatched heterostructures and facilitates 
heterogeneous integration of III-V semiconductor NW devices with mainstream Si 
technology. Properly designed NW arrays also offer an enhanced light absorption 
with lower material consumption compared to planar counterparts. Embedding low-
dimensional quantum heterostructures in NWs permits new degrees of design 
freedom for optimization of electrical and optical performance. Ultraviolet and 
infrared (IR) quantum discs-in-NW (QDiscs-in-NW) photodetectors11-13, room-
temperature lasers based on NWs with quantum dots14, ultrafast photodetectors 
based on core-shell NWs15 and disc-in-wire light emitting diodes6 are some 
examples of NW devices with embedded quantum heterostructures.  

This thesis deals with IR photodetectors based on NW arrays with embedded axial 
quantum heterostructures. InP NWs are grown by metalorganic vapour-phase 
epitaxy (MOVPE) with embedded axial InAsP quantum heterostructures called 
quantum discs. The combination of InP/InAsP materials is interesting for high-
speed devices because these materials have excellent transport properties16. Also, 
the conduction band offset between InP and InAsP is suitable for engineering 
confined stated in the quantum discs to tailor the operating wavelength. 
Synthesizing this material system in a NW geometry combines the advantages of 
NWs mentioned above with bandgap tuning and confinement in quantum discs to 
achieve high performance IR photodetectors. Chapter 2 in this thesis presents a brief 
discussion of IR radiation and currently available IR photodetectors with 
applications. In Chapter 3, we describe the growth, fabrication and characterization 
of InAsP/InP QDiscs-in-NW photodetectors. In Chapter 4, we describe the 
development of the processing steps for fabrication of high-performance 
photodetectors comprising 4 million vertically standing NWs, connected together 
with a low-resistance transparent top contact, with a high collection efficiency of 
photogenerated carriers. This work found an undesired self-gating effect induced by 
the oxide and transparent top contact coatings, which resulted in a radial MOS-like 
depletion which modulates the distribution of carriers in the NWs under bias. To 
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resolve this, the nanofabrication steps were optimized by introducing an extra step 
to fill the space between the NWs with a polymer. Also, it is demonstrated that 
unintentional n-doping in NWs deteriorates the performance of the photodetector 
because it increases the dark current. To compensate this unintentional doping, we 
introduce Zn in the nominally intrinsic region which, together with an improved 
processing scheme and an increased number of quantum discs, resulted in high-
performance room-temperature photodetectors with a cut-off wavelength of about 2 
μm. In Chapter 5, we look into the physics behind the very high responsivity 
exhibited by the photodetectors and reveal an optical gating effect induced by 
recombination of photogenerated holes with electrons trapped by surface defects 
and quantum discs. Finally, in Chapter 6, we demonstrate a broadband 
photoresponse from 3 to 20 μm at low temperature, which we primarily attribute to 
intersubband transitions between the ground state and the first excited state of the 
embedded InAsP quantum discs. Interestingly, the detectors were sensitive to 
normal incident radiation, in sharp contrast to planar quantum well infrared 
photodetectors (QWIPs). Supported by detailed optical modeling, we interpret this 
observation partly in terms of excited longitudinal components of optical modes in 
the photonic crystal formed by the nanostructured portion of the detectors. The 
thesis is concluded with a summary and outlook in Chapter 7.  
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2 Infrared detector technologies and 
applications 

In this chapter, we briefly discuss the basics of IR radiation and its important 
applications. Then, the technologies currently employed for detecting IR radiation 
will be presented, followed by a motivation for using NWs as IR detector elements.  

 

Figure 2.1 Electromagnetic spectrum with the IR region highlighted. 

2.1 Infrared radiation 

The IR region is defined as the electromagnetic (EM) spectral range between the 
visible and millimeter wavelengths corresponding to about 0.75-1000 μm (Figure 
2.1). The invisible IR radiation was first discovered in 1800 by William Herschel 
when he dispersed solar light through a prism and measured the temperature of the 
different colors using a thermometer with blackened bulbs. The warmest range, 
subsequently denoted IR, was found beyond the red spectrum. Infrared radiation is 
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emitted by all objects and it is related to their temperature. Objects with a 
temperature higher than 1000 K primarily emit in the visible wavelength region, 
while cooler bodies, such as the human body, emit in the IR region.  

 

Figure 2.2 Spectral irradiance of a black body as a function of wavelength17 

The correlation between spectral irradiance of a body and its temperature was 
theoretically explained by the German physicist Max Planck by introducing the 
concept of energy quanta, a seminal contribution to physics for which he was 
awarded the Nobel Prize in Physics in 1918. A blackbody is an ideal physical object 
that absorbs all incoming electromagnetic radiation, regardless of the frequency or 
incident angle, reflecting or transmitting none. The emitted spectral irradiance, 𝐼( 𝜆, 𝑇), from a perfect blackbody radiator is given by Planck´s famous radiation 
law18:  

 

 𝐼( 𝜆, 𝑇) = 2𝜋ℎ𝑐ଶ𝜆ହ ൤𝑒𝑥𝑝 ൬ ℎ𝑐𝜆𝑘𝑇൰ − 1൨ିଵ, (2.1) 

 
where λ is the wavelength, T is the temperature, h is Planck’s constant, c is the 
velocity of light, and k is Boltzmann’s constant. Figure 2.2 shows the black body 
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radiation as a function of wavelength for various temperatures. For example, an 
object with a temperature of 300 K displays a peak emission at around 12 μm. The 
peak emission wavelength shifts toward shorter wavelengths as the temperature of 
the body increases. 

The IR range is often subdivided into the following five regions: 

− Near-infrared (NIR, 0.75 – 1.4 μm) 

− Short-wavelength infrared (SWIR, 1.4 – 3 μm) 

− Mid-wavelength infrared (MWIR, 3 – 8 μm) 

− Long-wavelength infrared (LWIR, 8 –15 μm) 

− Far infrared (FIR, 15 μm – 1 mm) 

NIR and SWIR have many applications e.g. in optical communication, 
reflectography, surveillance and optical coherence tomography.  MWIR and LWIR, 
which are also known as ‘thermal infrared’, have many military surveillance 
applications as well as civilian applications including environmental monitoring, 
industrial process control and medical screening. Infrared radiation in the FIR 
region is used e.g. in astronomy, long-wavelength heaters and in medical therapy.  

 

Figure 2.3 Chronology of significant development of IR detectors19. HgCdTe detector alloys were demonstrated as 
early as 195920. The concepts of quantum well infrared photodetectors21 (QWIPs) and quantum dot infrared 
photodetectors22 (QDIPs) were introduced in 1987 and 1998, respectively. 

2.2 Classification of IR photodetectors  

Infrared detectors in general can be classified into two groups: thermal detectors and 
photon detectors. In thermal detectors, the output signal depends on the change of 
temperature of the detector element resulting from the absorbed power of the 
incident radiation. Thermal detectors are thus not selectively sensitive to the photon 
energy. The Golay cell, thermistor bolometer and thermopile are examples of 
thermal detectors. While typically working at room-temperature, this kind of 
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detector is usually characterized by a low sensitivity and slow response speed. In 
photon detectors, the output signal is proportional to the number of incident photons 
and thus wavelength dependent. These devices offer high response speeds and high 
sensitivity in comparison to thermal detectors. Photon detectors are usually cooled 
if the operation wavelength is longer than 3 μm23 to reduce thermal excitation of 
carriers which would otherwise result in a poor signal-to-noise ratio. Significant 
developments of IR detectors and systems in chronological order is displayed in 
Figure 2.319. Early IR photon detectors were based on lead sulfide (PbS), operating 
in 

 

Figure 2.4. Specific detectivity (D*) of various commercial IR photodetectors as a function of wavelength for a given 
operating temperature24. A chopper frequency of 1000 Hz is used for all detectors except for the thermopile, 
thermocouple, thermistor bolometer, Golay cell and pyroelectric detector which were all used with a chopper at 10 Hz. 
The detectors are assumed to have a 2π field of view at a temperature of 300 K. The dashed lines indicate theoretical 
limits for the background-limited D* for ideal photoconductive detectors, photovoltaic detectors and thermal detectors. 

the 1.3–3 μm range and mostly used for military applications. In the early 1950s, 
compounds of InAs and InSb were developed to detect IR radiation; however, the 
operation wavelength window was limited to 3–5 μm. The need to extend the 
detection range to long IR wavelengths led to the development of HgCdTe detectors 
in the late 1950s. These materials have been the basis of IR detectors for many years 
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due to their high sensitivity and spectral tunability. The difficulties associated with 
growing high-quality HgCdTe materials, related to a large solidus-liquidus 
separation and a high vapor pressure of Hg, led to the introduction of novel IR 
detector architectures. Intersubband photodetectors, such as quantum well IR 
photodetectors (QWIPs) and quantum dot IR photodetectors (QDIPs), were 
developed to overcome the long-wavelength cut-off of most conventional 
photodetectors. There have been great efforts made to develop detectors that work 
in the MWIR and LWIR, as the atmospheric transmission is high in these spectral 
windows. Type-II superlattice detectors25,26, nBn27,28 detectors, photon trapping 
detectors and multi-stage/cascade infrared devices are some other examples of 
emerging detector technologies. Figure 2.4 summarizes the performance of various 
commercially available IR photodetectors in terms of specific detectivity24. In the 
following section, we briefly discuss a few examples of currently available IR 
photodetectors. 

2.2.1 The p-n photodiode 

Photodiodes are common semiconductor photodetectors containing a p-n junction 
and often an intrinsic segment between the p-type and n-type regions. Incoming 
radiation with photon energies larger than the bandgap is absorbed in the depletion 
region (including the intrinsic segment) where it generates electron-hole pairs 
(EHPs) which in turn are separated and swept away by the built-in electric field. 
The electrons and holes are collected by the electrical contacts forming a 
photocurrent which is proportional to the intensity of the absorbed light over a wide 
range of optical powers. Photodiodes can be operated in three different modes. In 
the photovoltaic mode, also known as the zero-bias mode, the detector produces a 
measurable photocurrent proportional to the intensity. In the photoconductive mode, 
a reverse bias is applied to the device which increases the width of the depletion 
region (and thus the absorption volume) leading to a bias-dependent photocurrent. 
The operation mode of photodiodes at high electric field strengths close to 
breakdown is called the avalanche mode. Under avalanche conditions, the 
photogenerated charge carriers in the depletion region gain a kinetic energy 
sufficiently large to induce more EHPs via impact with the host atoms in the crystal. 
In this way, a single electron generated in the depletion region can result in the 
generation of many more, resulting in a detector gain. 

2.2.2 HgCdTe photodetectors 

Hg1-xCdxTe (MCT) is a chemical compound of cadmium telluride (CdTe) and 
mercury telluride (HgTe).  HgTe is a semimetal with a bandgap of 0 eV, while CdTe 
is a semiconductor with a bandgap of about 1.5 eV at room temperature. By 



24 

changing the amount of Cd in the alloy, the bandgap can be thus be tuned between 
0 and 1.5 eV (i.e. from SWIR–LWIR). HgCdTe alloys have been widely used 
materials for detection of MWIR and LWIR radiation in p-i-n photodetectors via 
interband transitions. The adjustable direct bandgap, a high absorption coefficient, 
a moderate thermal coefficient of expansion and a moderate dielectric constant are 
some of the advantages of this material in photodetector29 applications. However, 
there are also some disadvantages associated with this material system. First, 
adjusting the cut-off wavelength in ternary alloys with large band gap differences is 
difficult because mole fraction control is challenging. Second, HgCdTe alloys suffer 
from non-uniform growth and high defect densities. Also, a high Auger 
recombination rate in these materials reduces the signal-to-noise ratio and affects 
the room-temperature operation of the photodetector. In addition, in contrast to 
QWIPs and QDIPs, HgCdTe-based photodetectors do not offer bias-tunable multi-
color detection capabilities in contrast to QWIPs and QDIPs. 

2.2.3 Photoconductors 

One of the most well-known properties of bulk semiconductors is the increase of 
electrical conductivity with incident optical power. The simplest type of 
photodetector consists of a semiconductor slab supplied with two highly doped end 
contacts. The incident radiation induces a change in the conductivity of the 
semiconductor, which can be monitored as a photocurrent for an applied bias. The 
quantum efficiency, excess carrier lifetime and transit time through such a 
photoconductor are important parameters that determine the magnitude of the 
photocurrent30. In contrast to p-n junctions discussed above, a photoconductor thus 
requires an external bias to provide a detector signal. Planar semiconductor 
photodetectors with incorporated quantum structures, such as quantum wells and 
quantum dots, are well-known examples of photoconductors. The basic operating 
principles of these photodetectors are given in the following two sections. Also, NW 
photoconductors is an expanding research field due to their unique electro-optical 
properties.31,32 In this thesis, we report on NW photoconductors with embedded 
quantum heterostructures that offer a dramatically extended sensitivity window. 
More details about these structures and detector geometries will be given in 
Chapters 4 and 5.  

2.2.4 Quantum well infrared photodetectors  

Advances in developing new methods for growing high quality semiconductor 
compounds with well controlled composition and stoichiometry, such as molecular 
beam epitaxy (MBE), metalorganic chemical vapour deposition (MOCVD) and 
chemical beam epitaxy (CBE), have enabled scientists to design and synthesize 
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disruptive nanoscaled structures for emerging electronics and photonics. The 
concept of QWIPs is based on sandwiching a low bandgap semiconductor in 
between two wider bandgap semiconductors33. If the width of the low bandgap 
semiconductor is thin enough, the energy levels in both the conduction band and 
valence band will be quantized due to confinement leading to formation of 
intersubband levels. Since these energy levels depend on the quantum well 
thickness, band offsets and effective mass of the carriers, the spacing between these 
levels can be tailored by altering the composition and thickness of the well to match 
the desired IR wavelength window. Various semiconductor compounds such as 
GaAs/AlGaAs, InGaAs/InAlAs, InSb/InAsSb, InAs/GaInSb and SiGe/Si have been 
proposed and studied for use as a basic material for QWIPs. Figure 2.5 shows the 
schematic layout and corresponding conduction band profile of a typical 
GaAs/AlGaAs QWIP under bias. The incident radiation excites an electron in the 
ground state of the quantum well to the excited state from which the electron 
subsequently escapes to the barrier matrix through a combination of thermal 
excitation and quantum tunneling. The excited carriers are collected by the applied 
electric field which forms the detector signal. While the schematic QWIP in Figure 
2.5 comprises only three quantum wells, commercial QWIPs often contain tens of 
stacked quantum wells. 

QWIPs offer excellent performance characteristics which distinguish them from 
other IR detectors. Due to a high uniformity of the epitaxial growth over large areas, 
QWIPs are suitable candidates for large scale production systems. Also, the 
fabrication of QWIPs is easier than MCT detectors due to the use of manufacturing 
techniques that are standard for III-V semiconductors34. Moreover, QWIPs offer low 
dark current and multicolor detection capability by combining various materials 
with different compositions and/or thicknesses matching the detection band to the 
desired photon wavelengths. The spectral sensitivity window can also be tuned by 
the external applied bias via the Stark effect. There are also drawbacks to QWIPs, 
including a low absorption coefficient due to the thin quantum well layers. This, 
together with the short lifetime of intersubband transitions and competing thermal 
excitation of charge carriers results in a poor performance at elevated temperatures 
and it becomes necessary to integrate the QWIPs with bulky mechanical Stirling 
coolers. Another limitation of the QWIPs results from the optical selection rules for 
intersubband transitions dictated by the quantum mechanical nature of the confined 
states. The optical absorption in quantum wells strongly depends on the polarization 
of the incoming photons. Optical matrix elements determine the probability for a 
transition between an initial state and a final state. The matrix element for a two-
state system can be written as follows: 

 

 〈𝑓𝒌ᇱ|𝒆. 𝒑ෝ|𝑖𝒌〉 = න 𝜓௙𝒌ᇲ∗ (𝒓)𝒆. 𝒑ෝ 𝜓௜𝒌(𝒓)𝑑ଷ𝒓 (2.2) 



26 

where f and i describe the wave function (𝜓) in the final and initial states with 
corresponding wave vectors k′ and k, respectively. e represents the polarization 
vector and 𝒑ෝ is the momentum operator equal to −𝑖ℏ∇. Considering a quantum well 
with a quantization along the z-direction, the total wavefunction can be described as 
the product between an envelope function 𝜙(𝑧) and a plane wave in the r=(x,y) 
plane 

   

 Ψ௜௞(𝒓, 𝑧) = 𝐴ିభమ𝜙(𝑧)exp (𝑖𝒌𝒓), (2.3) 

 
where A is introduced to properly normalize the wavefunction. If the incoming light 
is polarized in the x-direction, 𝒆. 𝒑ෝ becomes -iℏ ∂/∂x.This operator will only affect 
the plane wave, with no effect on the envelope function. Consequently, the matrix 
element (Eqns. 2.2 and 2.4) will be zero, as the i and j states are mutually orthogonal 
to each other, implying that there will be no intersubband absorption for any 
polarization in the x-y plane.  

 

 〈𝑓𝒌ᇱ|𝑝̂௫|𝑖𝒌〉 = ℏ𝑘௫⟨𝑓𝒌ᇱ|𝑖𝒌⟩ = 0 (2.4) 

 
However, if the light is polarized in the z direction, the momentum operator will 
change to -iℏ ∂/∂z which will affect the envelope function of the bound state. Hence, 
the matrix element will be given by: 

 

 〈𝑓𝒌ᇱ|𝑝̂௭|𝑖𝒌〉 = 1/𝐴 න 𝑑𝑧 න 𝑑ଶ𝒓 𝜙௙∗(𝑧)𝑒௜൫𝒌ି𝒌ᇲ൯𝒓𝑝̂௭ 𝜙௜(𝑧) (2.5) 

The integral over r is zero, except for the case when k′ is equal to k. Then, the 
integral in Eqn. 2.5 can be written as follows: 

 

 〈𝑓|𝑝̂௭|𝑖〉 = −𝑖ℏ න  𝜙௙∗(𝑧) 𝜕థ೔(௭)𝜕௭ 𝑑𝑧 (2.6) 

 

This implies that the matrix element for light polarized in the z-direction is not zero, 
due to the large overlap between the wavefunction of the excited state and the 
derivative of the wavefunction of the ground state, and an intersubband transition 
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can thus occur. From this follows that the transition from an odd to an even energy 
state is most probable, while the transition between two even, or two odd energy 
states has vanishing probability.  

Due to the dependence of the optical absorption on the polarization of the incoming 
light, QWIPs must be irradiated at some angle to properly couple the IR radiation 
into the detector element. In practice, 45° polished facets or diffraction gratings are 
used to redirect the normally-incident radiation into the active region of the QWIP. 
QWIPs have been extensively studied since their invention, both theoretically and 
experimentally. Several review articles and books related to QWIPs have been 
published35,36. Nowadays, QWIPs form the basic detector elements in large focal 
plane arrays with excellent uniformity37 and performance.  

 

Figure 2.5 Schematic of a typical GaAs/AlGaAs QWIP (left) with the corresponding conduction band profile and 
intersubband excitation under bias (right). 

2.2.5 Quantum dot infrared photodetectors  

Photocurrent generation in QWIPs is strongly polarization dependent as a result of 
the optical selection rules for quantum wells as discussed above. Quantum dot (QD)-
based photodetectors do not have this limitation due to relaxed selection rules 
resulting from the three-dimensional confinement in QDs. The so-called Stranski–
Krastanow (S-K) growth mode is usually used to synthesize QDs from thin lattice 
mismatched epitaxial layers38. The elastic energy of a thin epitaxial layer grown on 
top of a substrate with typically smaller lattice constant increases with the layer 
thickness. Above a certain critical thickness that depends on the lattice mismatch, a 
spontaneous relaxation of the stored elastic energy takes place by a redistribution of 
the material in the epilayer to a fairly uniform ensemble of strain-relaxed QDs on 
top of a thin wetting layer. Similar to QWIPs, QDIPs typically comprise many 
stacked QD layers on top of each other39. Quantum dot layers are usually doped to 
populate the ground states with electrons. Similarly to QWIPs, these carriers can be 
optically excited in intersubband transitions to excited states, similar to QWIPs, 
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from which they eventually escape to the conduction band where they are collected 
by an electric field to form a photocurrent40.  

Three main advantages of QDIPs are41: 

1) Sensitivity to normally-incident IR radiation. Intersubband absorption may 
occur for normal incidence radiation, in contrast to QWIPs due to different 
absorption selection rules. Normal incidence absorption in QDIPs has been 
reported by several groups42-44. 

2) The signal-to noise ratio in QDIPs is typically enhanced in comparison to 
QWIPs. Due to three-dimensional quantization in QDs and the phonon 
bottleneck effect, the carrier lifetime is enhanced45. 

3) Reduced dark current. The thermal emission of electrons from the ground 
state of the QDs is expected to be reduced compared to QWIPs due to the 
three-dimensional quantum confinement in the QDs.  

The first optical intersubband transition in quantum dots was reported in 1989 for 
InSb QDs46. Since then, various materials have been the subject of research for 
QDIPs, including InGaAlAs on InP, InSb on GaSb and GaAs, InGaAs on Si, Ge on 
Si, and InGaAs on InGaP. The main disadvantage associated with QDIPs is the non-
uniformity of the QDs, resulting in a broadening and shift of the absorption 
spectrum. This makes tailoring of the operation detection window of the QDIPs 
challenging47,48. To further enhance the operation performance of QDIPs, it has been 
suggested to embed the QDs in QW structures. These so-called QD-in-well infrared 
photodetectors offer new degrees of freedom for adjustment of the spectral 
sensitivity window and for optimization of the operation temperature. Since the 
optical transitions take place between energy levels in the QDs and QW, the 
operation wavelength can be tailored to the desired IR window by changing the size 
and composition of the QDs and QW49, respectively. 

 

Figure 2.6 Schematic band alignment of a typical InAs/GaSb T2SL. 
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2.2.6 Type-II superlattice infrared photodetectors (T2SLs) 

Type-II broken bandgap superlattices (T2SLs) comprise thin semiconductor 
heterostructures, where both the conduction band and valence band edges of one 
semiconductor are below the valence band edge of the second semiconductor50-52 
(Figure 2.6). By growing periodic structures comprising alternating thin layers with 
this band alignment it is possible to create artificial minibands for electrons and 
holes that are sensitive to optical transitions. In contrast to QWIPs and QDIPs, 
where the IR response is based on intersubband transitions, the detection mechanism 
in T2SLs53,54 is based on optical transitions between the minibands. InAs/GaSb is a 
commonly used heterostructure for MWIR and LWIR T2SLs. Surface currents have 
historically been the limiting factor for these detectors, but recent advances in 
surface passivation has mitigated this problem. Current state-of-the-art T2SLs are 
typically limited by Shockley-Read-Hall (SRH) recombination via mid-gap defects. 
The possibility to reduce Auger recombination in these materials allows the devices 
to operate at elevated temperatures.55  
Table 2.1 Comparison of IR detectors45 

Detector Type Advantages Disadvantages 
Thermal (thermopile, bolometers, pyroelectric) Light, rugged, reliable, and 

low cost. 
Room-temperature 
operation 

Low detectivity at high 
operation frequency  
Slow response  

Photon  Intrinsic IV–VI (PbS, 
PbSe, PbSnTe) 

Easy to fabricate 
Highly stable materials  
 

Very high thermal expansion 
coefficients 
Large permittivity 

  II–VI (HgCdTe) Easy bandgap tailoring  
Multicolor detectors 
Well-developed theory  

Non-uniform over large area 
High cost for growth and 
processing 

  III–V (InGaAs, 
InAs, InSb, 
InAsSb) 

Reliable material & dopants  
Advanced monolithic 
integration possible 

Heteroepitaxy with large 
lattice mismatch 
Long wavelength cutoff 
limited to 7 μm (at 77 K) 

 Extrinsic (Si:Ga, Si:As, 
Ge:Cu, Ge:Hg) 

Very long wavelength 
operation 
Relatively simple fabrication 
process 

High thermal generation rate 
Very low temperature 
operation only 

 Type-I Quantum wells 
(GaAs/AlGaAs, InGaAs/AlGaAs) 

Mature material growth  
Good uniformity over large 
areas  
Multicolor capability 

High thermal generation rate 
Complicated design and 
growth 
Sensitive to polarization 

 Quantum dots  
(InAs/GaAs, InGaAs/InGaP, 
Ge/Si) 

Normal incidence sensitivity 
Reduced thermal generation 

Complicated design and 
growth. 
Issues with non-uniform size 
of QDs. 

 Type-II Superlattices 
(InAs/InGaSb, InAs/InAsSb) 

Low Auger recombination 
rate  
Easy wavelength control  

Complicated design and 
growth 
Sensitive to the interfaces 
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All the photodetectors discussed in this chapter have their own advantages and 
disadvantageous as briefly discussed above and summarized in Table 2.1. QWIPs 
are sensitive to light only polarized in the growth direction. QDIPs suffer from non-
uniformities in size and shape of the QDs which lead to a broadening of the detection 
window. T2SLs require a precise control of the growth of defect-free thin layers and 
advanced passivation procedures. HgCdTe-based photodetectors contain toxic 
elements and they also suffer from non-uniformity issues which makes the 
fabrication of large-area photodetectors challenging. High-performance HgCdTe 
detectors are expensive and typically implemented only in military applications56. 
Another general disadvantage with all of the detectors discussed above is that they 
cannot be directly integrated with mainstream mature Si technology due to high 
lattice-mismatch.  
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3 Nanowire-based IR photodetectors 

It is expected that the worldwide mid-IR sensor market of $9.7 billion in 2018 will 
increase to about $110 billion by 2025. Such a huge investment together with the 
limitations associated with the currently available commercial photodetectors have 
encouraged development of novel kinds of IR detectors. The general trend of 
continuously decreasing dimensions for electronic devices in accordance with the 
More than Moore concept has propelled the research in IR nanophotonics. However, 
becasue light absorption has a direct relationship with the dimensions of the active 
device volume, the smaller the dimensions, the smaller the absorption. Several 
methods have been suggested to enhance the photon absorption such as resonant 
cavities and plasmonic enhanced photodetectors57 which all add complexities in 
terms of fabrication and device integration leading to expensive devices58.  

Semiconductor nanowires (NWs) have been shown to be potential nanoscale 
candidates for addressing all of the issues related to existing photodetectors. 
Nanowires are low-dimensional structures with a length of the order of microns and 
diameters ranging from tens to hundreds of nanometers. They have been intensively 
investigated during the last two decades, offering new ways of designing and 
fabricating various types of semiconductor devices including e.g. photodetectors, 
LEDs59,60, lasers61,62, solar cells2,63, transistors64 and tunnel diodes65. In particular, 
the bottom-up approach for synthesis of NWs has opened up the possibility to 
realize disruptive NW-based electronics and photonics. Owing to their small foot 
print, epitaxial growth of III-V NWs on Si substrates is readily facilitated66, and so 
high performance optoelectronics can be merged with mainstream silicon 
technology. Another reason for the rapid development of the NW field is the 
possibility of incorporating highly lattice-mismatched axial heterostructures with 
sharp interfaces in NWs which is not possible in a thin-film geometry67-69. Scientists 
at Nanolund have been pioneers in developing high performance electronic and 
photonic devices. The NW-based solar cell with 13.8 % efficiency exceeding the 
ray optics limit2, a particle-exchange (PE) heat engine based on embedded InAs 
quantum dots in InP NWs70, vertical InAs/InGaAsSb/GaSb NW tunnel FETs with 
the ability to operate well below 60 mV/decade64 and continuous aerosol-based 
growth of NWs with controlled nanoscale dimensions71 are just some examples of 
recognized breakthroughs (Figure 3.1).  
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Figure 3.1 (a) NW-array solar cells with 13.8 % efficiency2. (b) A quantum dot heat engine operating close to the 
thermodynamic efficiency limits70. (c) Nanowire tunnel field-effect transistors operating below 60 mV/decade64. (d) 
Continuous gas-phase synthesis of NWs with tunable properties71. 

The unique photonic features of NWs make them an excellent candidate for optical 
sensors. The possibility to fabricate highly ordered arrays of NWs with fine-tuned 
diameter and pitch facilitates a high absorption with small material volume due to 
an efficient coupling of the incoming radiation to the optical modes of the NW array. 
It has e.g. been shown that with a proper design of InP NW arrays, solar cells can 
deliver 83% of the photocurrent density of planar InP solar cells, while only 12% of 
the surface is covered by NWs. Moreover, the added advantage of synthesized axial 
and radial heterostructures, combined with monolithic compatibility with Si 
substrates, open up interesting opportunities for photodetector applications. There 
has been a remarkable progress on developing NW-based photodetectors during the 
last two decades. Single InP NWs with a responsivity of 3000 A/W72, single InGaAs 
NWs operating in the range of 1100 – 2000 nm with a responsivity of 6.5×103 
A/W73, single GaAsSb/GaAs heterostructure NWs operating in the range of 1100 – 
2200 nm with the responsivity of 1.05×103 74 and ensembles of InAs NWs on Si 
operating in the range 1.4 – 3.3 μm75 are just a few examples. Most of the research 
associated with NW-based photodetectors has been focused on single NW 
structures. Issues related to growing high-quality NW arrays with excellent yield 
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over large areas, together with serious hindrances for vertical processing of large 
arrays, have so far led to limited success in terms of realizing high-performance 
array photodetectors. Furthermore, the inclusion of low-dimensional quantum 
heterostructures in NWs adds new degrees of design freedom for optimization of 
electrical and optical performance. To the best of our knowledge, there are only a 
few reports regarding NW array photodetectors with embedded quantum 
heterostructures76,77. Also, despite the rapid pace of NW photodetector 
development, there have been no reports to date of intersubband photocurrent 
generation in NWs which is essential for detection of long wavelength radiation. 
Table 3.1 summarizes the reported performance of photodetectors based on arrays 
of NWs. 
Table 3.1 Performance characteristics of NW-based array photodetectors56. 

 

In this thesis work, we report on InP NW array photodetectors with embedded InAsP 
quantum heterostructures. InP/InAsP heterostructures are of particular interest for 
high-speed optoelectronic devices because of their excellent transport properties. 
The relatively large conduction band offset in the InP/InAsP system strongly 
confines carriers leading to higher operating temperatures and lowers the leakage 
current in detectors. While typically a p+-i-n+ geometry is chosen for interband 
detectors, we focus on an n+-i-n+ geometry, in combination with incorporated InAsP 
quantum discs (QDiscs), since we ultimately target broadband detectors offering 
both interband and intersubband photodetection capabilities. We first optimize 
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design, growth and fabrication of visible-SWIR interband photodetectors to obtain 
excellent performance at room-temperature. Then we further investigate the 
photoconductive gain of the detectors to unravel the physics behind the remarkably 
high responsivity. Also, we report on the first spectrally resolved photodetector in a 
NW array geometry with a normal incidence photoresponse in the LWIR/FIR 
region, resulting from intersubband transitions in the embedded QDiscs.  

3.1 Nanowire growth 

A number of techniques have been developed to synthesize high-quality 
semiconductor NWs. These techniques can generally be categorized into one the 
following approaches: bottom-up or top-down. The top-down approach uses 
different patterning and etching techniques to form semiconductor NWs from bulk 
crystals. The smallest NW thickness in this case is limited by the resolution of the 
lithography system and the etching characteristics. Besides the drawbacks with 
complicated processing issues, it is also generally not possible to fabricate NW 
heterostructures of highly lattice-mismatched materials such as InP/InAs using the 
top-down approach. In the bottom-up approach, a NW is formed by epitaxial layer-
by-layer growth. This method provides explicit control of the NW composition and 
length during growth. Heterostructure NWs with large lattice mismatch can be 
grown using the bottom-up method due to strain relaxation resulting from the small 
diameter (footprint) of the NWs. Also, in-situ n and p-doping of the NWs facilitates 
fabrication of photodiodes, photoconductors, LEDs and lasers.  

Metal-organic vapor phase epitaxy (MOVPE) is the most commonly used method 
for epitaxial growth of NWs and more generally the preferred method for mass 
production of optoelectronic devices such as solar cells, laser diodes, LEDs and 
photodetectors78. MOVPE relies on the formation of solid crystals from a vapor 
phase of different precursor gases. For growth of InP NWs, the group III element 
indium (In) is supplied via the precursor trimethylindium (TMIn) contained in a 
liquid form in a bubbler. A carrier gas, such as hydrogen (H2), flows through the 
bubbler and dissolves some of the TMIn precursor molecules and transfers them to 
the growth chamber. The group V element phosphorous (P) is directly supplied in a 
gas phase by the precursor phosphine (PH3).  

 In order to grow NWs using MOVPE, metal seed nanoparticles (NPs), often made 
of gold (Au), are used as catalysts. The NPs are in a liquid form at typical growth 
temperatures of 400-500°C. An efficient collection by the NPs of the constituent 
elements required for growth facilitates an enhanced nucleation rate at the boundary 
between the particle, vapor and solid (the so-called V-L-S mechanism) producing a 
rapid (nm/s) layer-by-layer growth. A detailed explanation of the NW growth theory 
is beyond the scope of this thesis. 
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Three main methods are mainly used to produce and arrange NPs. One fast and 
cheap method is based on an aerosol technique, which results in a randomized 
arrangement of the NPs on the substrate surface. However, a precise arrangement 
of well-defined NPs is essential as eventually the NW pitch, length and diameter 
(roughly equal to the NP diameter) govern the optical properties of the NW arrays. 
Electron-beam lithography (EBL) has proven to be a good alternative to the aerosol 
technique that provides precise control over the shape, size and position of the 
NPs79. Another useful technique for generating NPs with similar quality properties 
as those made by EBL, and also with much higher throughput is nanoimprint 
lithography (NIL). In this method, an intermediate polymer stamp is used to transfer 
the pattern of NPs to a resist layer deposited on a substrate under specific thermal 
and UV illumination conditions.80  

 

Figure 3.2 Different schematic steps for growth of InP NWs with an embedded InAsP QDisc. First Au NPs are patterned 
using NIL, then In and P precursors are introduced into chamber to grow InP NWs. For growth of nominal InAs (in reality 
InAsP) QDiscs, the P supply is switched off, As is introduced into the chamber and In is supplied from the NP. Finally, 
In and P precursors are again introduced to grow the upper InP section.  
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For growth of the NWs discussed in this thesis, n+-InP (111)B substrates were 
patterned with Au particles using NIL, metal evaporation, and lift-off. The final 
pattern consisted of 20 nm-thick Au discs with a diameter of 180 nm, which during 
growth formed 130 nm diameter Au−In alloy particles. The center-to-center 
distance (pitch) between two Au particles was 400 nm. The growth was carried out 
in a low-pressure (100 mbar) Aixtron 200/4 MOVPE at 440 °C. The grown NWs 
had a diameter of 130 nm and a length of about 2 μm. Embedded axial nominal InAs 
QDiscs were grown by turning off the trimethylindium (TMIn) flow and replacing 
the phosphine (PH3) with arsine (AsH3) for 1 or 2 s. In this so-called deplete mode 
growth of QDiscs, stored In is supplied from the NPs instead of being supplied by 
the precursor gas. Figure 3.2 shows schematically the growth of InAsP/InP QDisc-
in-NWs. Figure 3.3 shows a typical scanning electron microscope (SEM) image of 
the grown NW arrays. 

 

Figure 3.3 SEM image of a grown InAsP/InP QDiscs-in-NW array. The scale bar is 1 μm.  
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3.2 Fabrication of NW array photodetectors 

After growing the NWs using MOVPE, a series of processing steps are used to make 
NW-based photodetectors. In general, the substrate is used as the back contact while 
the tips of the NWs, connected together by an ITO film, are used as the top contact. 
To separate these contacts from each other, first an insulating SiO2 layer is 
homogenously deposited on the as-grown samples using atomic layer deposition 
(ALD). This insulating layer covers all parts of the NWs and the substrate in 
between the NWs. To make the top contact, the insulating layer should be removed 
from the tip of the NWs. For this purpose, a thick photoresist S1818 is spun on the 
sample to completely embed the NWs. A step-wise back etching of this resist is 
subsequently performed using reactive ion etching (RIE) to reveal the very tips of 
the NWs. When a desired length of the NWs is exposed, the SiO2 layer is removed 
from the tips using a buffered oxide etchant (BOE). The gold catalyst NPs are also 
removed in this step using a KI/I2 solution. After removing the remaining resist 
using wet etching, the device areas are defined by UV lithography step.  

In order to connect the exposed tips of the NWs, a 50 nm thick indium tin oxide 
(ITO) layer is sputtered on the sample as a transparent top contact. Prior to the 
sputtering step, any native oxides were removed using an H2SO4/H2O (1:10) 
solution to avoid a potentially poor contact formation between the NWs and ITO. 
After this step, another spinning resist and lithography step is used to remove the 
ITO from non-device areas using an HCl solution. Finally, the bond pads are defined 
by a third UV lithography step followed by evaporation of Ti and Au layers. For 
initial IV measurements, the sample is glued to a copper coin. After selection of the 
best devices based on these initial IV measurements, the sample is mounted on a 14-
pin DIL holder for in-depth optoelectronic characterization. Different steps of the 
complete processing chain are shown in Figure 3.4. 

The following sections discuss each of these fabrication steps in more details. 

3.2.1 Deposition of insulating SiO2 layer  

The first step in the processing of NW arrays is to deposit a homogenous insulating 
layer of SiO2. The deposition is carried out using tri(tert-butyl) silane (TTBS) and 
trimethylaluminium (TMA) as precursors in a Savannah 100 ALD system. To 
deposit thicker layers, the ALD system is operated in exposure mode in which the 
pump is blocked while introducing precursors into the chamber. This method gives 
sufficient time for the precursors to fully diffuse around the sample providing better 
uniformity over high-aspect ratio geometries. The deposition is carried out through 
the self-limiting rapid SiO2 ALD technique using TTBS, while Al obtained from the 
TMA acts as a catalyst (ALD Savannah 100 & 200 user manual)81. The deposited 
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layer (~50 nm) is thus not pure SiO2 in composition, but contains intermixed Al. 
Furthermore, an additional thin (<5 nm) layer of Al2O3 is deposited as an adhesive 
layer since resists used in the subsequent process steps do not adhere well to SiOx 
which can lead to undesired oxide etching. A SEM image of NWs coated with an 
insulating layer of SiOx is shown in Figure 3.5.  

 
Figure 3.4 An overview of different processing steps to make NW array photodetectors. (a) Definition of Au seed 
particles by nanoimprint lithography (NIL). (b) Growth of InP/InAsP NWs using MOVPE. (c) Capping of the grown NWs 
by a SiOx layer using atomic layer deposition (ALD). (d) Embedding of the NWs in a thick photoresist (S1818) layer and 
subsequent back-etching to expose 300 nm of the NW tips. (e) Etching of SiOx and Au particles from the tips. (f) 
Sputtering of 50 nm ITO on top of the NWs as a transparent contact. (g) Definition of device areas using UV lithography, 
followed by deposition of 400 nm thick gold bond pads. (h) Sample mounted on a DIL holder and bonded for 
optoelectronic characterization. (i) TEM image of a single NW revealing the 20 axial InAsP QDiscs (scale bar is 200 
nm). (j) Schematic of the finalized NW array detector. 
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Figure 3.5 NWs after depositing an insulating SiOx layer 

The homogenously deposited insulating layer should be removed from the tips of 
the NWs in order to fabricate the top contact. The sample is covered by a thick resist 
(S1818) layer using spinning speeds which give a resist thickness larger than the 
NW height. After soft-baking at 115°C for 90 s, the resist is step-wise back-etched 
using a RIE Trion T2 system. An oxygen plasma with 50W RF power and a 15 sccm 
O2 flow rate at 300 mTorr pressure gives an etching rate of about 1 nm/s. The 
samples are checked with a Leo 1560 SEM after each RIE step using a low 
acceleration voltage (~10 keV electron energy) to avoid charging during imaging, 
as well as hard-baking of the resist. Upon achieving the desired exposed length, the 
SiOx/Al2O3 layer is etched using a buffered oxide etch (BOE:H2O, 1:10) which gives 
an etch rate of about 2.7 nm/s for SiOx and about 1 nm/s for Al2O3. In the same step, 
the Au NP on the top of the NWs is also etched using KI/I2 for 20 s which eliminates 
the formation of a potential Schottky barrier between the NPs and NWs82. An 
additional benefit of the NP removal is the reduction of optical reflection from the 
Au NPs. Finally, the resist is stripped off using acetone. Exposing the NW tips, 
followed by etching of the insulating layer and Au NPs is shown in Figure 3.6. 
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Figure 3.6 Process steps for removal of the insulating layer from the tips of the NWs. (a) Spinning a thick photoresist 
infill to cover the NWs. (b) Back-etching of the photoresist using RIE. (c) Etching of of SiOx and Au NPs from the tips of 
the NWs, respectively. (d) Stripping of the photoresist using acetone. 

3.2.2 Definition of device areas using UV lithography  

In this step, the photodetector elements are defined by UV lithography. The UV 
exposure was performed using an MJB4 mask aligner with a 365 nm optical filter 
in constant power (350 W) mode with an intensity of about 22 mW/cm2. The details 
of this processing step are described below. 

1) The positive resist S1828 is spun at 3000 rpm for 60 s which yields a 
thickness of about 3.5 μm. 

2) The resist residues on the sample’s backside are removed using acetone.  

3) The resist is soft-baked for 90 s at 115 °C.  

4) The UV exposure is performed for 24 s using an appropriate mask to define 
the device area.  

5) The sample is developed in MF 319 for 90 s, followed by rinsing in DI for 
120 s.  
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6) The resist is then hard-baked on a hot plate for 10 min. while the 
temperature is increased to 200 °C. Sample is left at 200 °C for 30 min and 
then left to cool down on the switched-off hot plate for 10 min. 

3.2.3 Sputtering of indium tin oxide top contact 

After defining the device area elements, all of the tips of the NWs need to be 
connected in parallel to form the top contact. Indium tin oxide (ITO) has been shown 
to be a good option for connecting the tips due to its high conductivity properties as 
well as low absorption over a broad wavelength range. We use an AJA Orion sputter 
deposition system to sputter ITO. Prior to sputtering, any native oxide on the surface 
of the NWs must be removed to avoid any poor contact formation. Then the samples 
are immediately mounted on the sample holder and loaded into the sputterer. 150 
nm sputtered ITO yields a NW sidewall coverage of about 50 nm. A UV lithography 
step covers the device elements, after which ITO is etched from non-device areas. 
Finally, the resist is removed using acetone.  

 
The step-by-step procedure is as follows: 

1) The native oxide on the NW tips is removed using a 1:10 H2SO4:H2O 
solution for 60 s, followed by rinsing in H2O for 60 s. 

2) The sample is then immediately mounted on the sample holder and loaded 
into the sputterer. 

3) 150 nm of ITO is sputtered using an Ar plasma with a flow of 4 sccm at 50 
W RF power (Figure 3.7 a). 

4) The positive resist S1813 is spun on the sample at 3000 rpm for 60s. 

5) The resist is soft-baked for 90 s at 115 °C. 

6) The UV exposure is performed for 7 s using an associated mask for etching 
ITO. 

7) The sample is developed in MF 319 for 90 s, followed by rinsing in DI for 
120 s. 

8) ITO is etched using a 1:2 HCl:H2O solution for 120 s. 

9) Verification of the deposited ITO layer under an optical microscope (Figure 
3.7 b). 
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3.2.4 Definition of Ti/Au bond pads 

In the final step, Ti and Au are evaporated on the defined bond pad area of the 
devices forming the contacts to the external measurement setups. The Ma-N 490 
photoresist was chosen for the lithography process which gives a resist thickness of 
at least 5 μm at a spinning speed of 6000 revolutions per minute (rpm). A 15 nm 
thick Ti layer was deposited by evaporation prior to Au deposition to facilitate the 
adhesion of Au to the sample.  

 
The step-by-step procedure is as follows: 

1) The samples are cleaned in acetone & IPA (120 s each) followed by drying 
with a N2 gun.  

2) The negative resist ma-N 490 is spun on the samples at 6000 rpm for 60 s.  

3) The resist residues on the sample’s backside are carefully removed using 
acetone.  

4) The sample is then baked on a hot plate at 95 °C for 150 s and left to cool 
in air for 60 s.  

5) The sample is mounted on the mask-aligner along with the suitable mask 
pattern for the negative photoresist. After wedge-error compensation 
(WEC) and alignment check, single cycle exposure is done for 30 s in soft-
contact mode.  

6) The exposure leads to cross-linking in the exposed areas of the negative 
resist. The remaining resist is removed using the developer ma-D 332/S for 
180 s, followed by rinsing in deionized (DI) water for 120 s and N2 blow 
dry. Around 150 s was sufficient for the development, while an extra 30 s 
was crucial for obtaining about 1.5–2 μm undercut for subsequent lift-off.  

7) The samples are then mounted on the sample holder in the AVAC 
evaporation system and pumped. After obtaining a pressure lower than 10–
6 mbar, 10 nm Ti and 200 nm Au are evaporated while continuously rotating 
the sample for a uniform coverage.  

8) For the final lift-off, the samples are placed in a beaker with acetone at 50 
°C for 30 min. A mild blow of acetone solution through a pipette might be 
needed to stir the solution and aid in lifting-off of all the resist/Au residues 
(Figure 3.7 c). 
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Figure 3.7 An overview of steps involved in fabrication of the top contact. (a) Sputtering of ITO to connect the tips of 
the NWs. (b) SEM image of device elements after sputtering and etching of ITO in non-device areas, followed by a UV 
lithography step to open the bond pad areas. (c) Optical microscope image of the device elements after evaporation of 
Ti and Au. (d) Mounted sample on a 14-pin DIL holder for optoelectronic measurements. 

After this step, the samples are ready for optoelectronic characterization. For initial 
measurements, the sample is glued to a copper coin and for in-depth optoelectronic 
measurements the sample is mounted on 14-pin DIL holder (Figure 3.7 d). In the 
next section an overview of our optoelectronic characterization techniques will be 
given. 

3.3 Characterization techniques 

In this section, we briefly discuss the techniques and setups we used to characterize 
the NWs and the photodetectors made from them. 
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3.3.1 Photoluminescence spectroscopy 

In a typical photoluminescence (PL) spectroscopy experiment, a semiconductor is 
illuminated with a laser with photon energies higher than the bandgap. The 
incoming photons excite electrons from the valence band to the conduction band 
forming electron-hole pairs. The excited charge carriers relax to the band edges and 
finally recombine. Recombination can take place radiatively by emitting a photon 
corresponding to the bandgap minus the binding energy of the exciton, or non-
radiatively through defect states or surface states. Photoluminescence is a very 
useful method for investigation of electronic transitions through the spectral 
position, linewidth and lineshape of the recorded optical signal. 

 

Figure 3.8 Schematic of a typical PL setup 

A typical PL setup (Figure 3.8) consists of a laser excitation source with an 
attenuator to vary the intensity. The laser beam passes through a beam-splitter and 
a microscope objective which in our setup focuses the beam to a spot size smaller 
than 5 μm. A sample holder mounted on an X-Y stage inside the cryostat facilitates 
spatially flexible, low-temperature micro-PL measurements on single NWs. The PL 
from the sample is collected by the same objective lens and focused onto the 
entrance slit of a monochromator. The unwanted laser light is blocked by a notch 
filter. Upon entering the monochromator unit through the slit, the PL is first 
collimated by a mirror and then diffracted by a grating. The diffracted PL is then 
focused and dispersed over an InGaAs detector. On aligning the sample (NW) 
parallel to the vertical pixel array of the InGaAs detector, spatial photoluminescence 
information can also be gathered. Finally, the detector and the monochromator are 
coupled to a computer, which records the signal. 
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Figure 3.9 Probe station - Cascade 11000B setup at Lund University for initial IV characterization 

3.3.2 Probe station measurements 

The most fundamental electrical characterization of any kind of electronic device is 
its current-voltage (I-V) characteristics. I-V measurements recorded under dark and 
illuminated conditions at different temperatures provide important information 
about the overall performance of the device under test, as well as of the detailed 
transport and photogeneration mechanisms. The sheer amount of measurement 
work required to characterize different devices in a sample chip demands a flexible 
and rapid technique to measure different devices. Wire bonding is a robust method 
of contacting devices but is quite limited in terms of flexibility. Using probes 
directly contacted to the device pads to measure I-V characteristics is a much faster 
and flexible approach. In addition, the chuck which acts as the sample holder can 
also be used as the back-contact. We have used the Cascade 11000B probe station 
with a Keithley 4200 semiconductor characterization system for the electrical 
measurements. The tungsten probes were controlled with a 3D micrometer stage to 
position them accurately on the bond pads with the help of an optical microscope. 
Figure 3.9 shows the probe station setup used for initial I-V characterization. 
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3.3.3 Fourier transform infrared spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is a powerful technique capable of 
measuring spectrally resolved absorption, transmission, PL and photocurrent with a 
high signal-to-noise (SNR) ratio. Unlike a dispersive instrument where a single 
wavelength is used in each measurement interval, FTIR spectrometers utilizes a 
broadband light source containing the full spectrum of wavelengths. The source 
light beam shines into a Michelson interferometer where it is split into two beams 
using a beam-splitter, one reflected from a fixed mirror and the other from a 
continuously moving mirror (Figure 3.10) producing a path difference (retardation). 
The two beams subsequently merge where they interfere constructively or 
destructively, depending on the position of the moving mirror and wavelength, 
resulting in a modulated beam comprising all wavelengths coded by the scanning 
mirror. This beam is then focused onto the sample which in our case is mounted in 
a cryostat integrated into the sample compartment of the FTIR. The modulated light 
beam produces a modulated photocurrent which is amplified by a fast current-
voltage amplifier. The modulated output voltage versus mirror position 
(interferogram) is subsequently converted to a spectrally resolved photocurrent by 
the well-known Fourier transform algorithm. In our measurements, we have used 
the FTIR model Vertex 80v from Bruker for photocurrent measurements. The 
spectrometer is equipped with a Janis PTSHI-950-FTIR pulse tube closed-cycle 
cryostat for low temperature (down to 5K) measurements. For NIR measurements, 
a tungsten halogen lamp is used as broadband light source, along with a CaF2 beam 
splitter, while for longer wavelengths a MIR source along with a KBr beam splitter 
is used. The sample itself is used as a detector. The modulated photocurrent from 
the sample is amplified using a Keithley 428 programmable current amplifier. 
Figure 10 shows the schematic of our FTIR setup.  

We also use the FTIR setup for temperature-dependent I-V measurements, both with 
and without illumination (using the spectrometer’s built-in light source). The 
instrumentation for recording I-Vs include the Keithley models 2636B and 6430, 
respectively. Also, frequency-dependent photocurrent measurements for different 
laser irradiations (532 nm and 980 nm) were investigated using an SR830 lock-in 
amplifier in conjunction with an optical chopper. Figure 3.11 shows the 
experimental setup used for optoelectronic characterization in this thesis work. 
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Figure 3.10 Top view schematic of our Bruker Vertex 80v FTIR setup. The cryostat (not shown) is integrated into the 
sample compartment (the square marked by “Sample Position” in the figure).  

 

Figure 3.11 The experimental setup at the Rydberg Core Labs (RCL) at Halmstad University used for electrical and 
optical characterization, including FTIR spectrometer with integrated closed-cycle cryostat. 
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4 Interband InAsP/InP quantum 
discs-in-nanowire photodetectors 

In this chapter, we discuss the performance of arrays of InP NWs with axially 
embedded single or multiple InAsP QDiscs for NIR/SWIR detection based on 
interband transitions. First, a detailed study of two different nanofabrication 
schemes was carried out in order to find the optimum method for processing of NW 
array detectors comprising a single QDisc in each NW. Subsequently, the number 
of QDiscs was increased to 20 to enhance the interband photocurrent (PC) signal. 
We found that the unintentional n-doping in the intrinsic section of the NWs 
contributes significantly to the dark current in the detectors. To compensate this 
unintentional n-doping, in-situ Zn doping was added to the intrinsic region. Results 
show that this compensation doping leads to a drastically reduction in the dark 
current by about four orders of magnitude, yielding excellent room-temperature 
detector performance with a cut-off at 2μm. 

4.1 Optimization of dark current and processing scheme 

It is known that InP NWs are unintentionally n-doped with a carrier concentration 
ranging from 1015 to 1016 cm−3 when grown by MBE and MOVPE83,84. This 
unintentional doping in the intrinsic region will affect the performance of the 
photodetector by increasing the dark current. To eliminate this effect, we used Zn 
as compensation doping. First a series of single QDisc-in-NW samples were grown 
with varying diethylzinc (DEZn) molar fractions of χDEZn= 0.5 × 10-7, 1.4 × 10-7 and 
4.1 × 10-7, respectively, added during growth of the nominally intrinsic segments. 
InP NWs with a single InAsP QDisc were grown on n+-InP (111)B substrates in a 
similar to that discussed in section 3.1. We processed the samples according to the 
procedure described in section 3.2, resulting in a photodetector shown schematically 
in Figure 4.1 a. I-V measurements showed that the sample grown with χDEZn= 
0.5×10-7 exhibited a 100-fold higher resistivity than the sample grown without χDEZn. 
While the two samples grown with χDEZn = 1.4 × 10−7 and χDEZn = 4.1 × 10−7 showed 
even higher resistivity (Figure 4.1 c), they also exhibited an open-circuit voltage 
under illumination. A probable reason for this is an overcompensation of the 
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unintentional n-doping in the i-segment, creating an n+-p−-n+ structure instead of an 
n+-i-n+ structure. Based on these results, χDEZn = 0.5 × 10−7 was selected as the 
optimum DEZn molar fraction. 

 

Figure 4.1 (a) First processing scheme with ITO uniformly deposited on the oxide-capped NWs. (b) Second processing 
scheme with ITO sputtered on top of the resist acting as a spacer layer to prevent side-gating effects. (c) Average NW 
resistivity, with estimated error bars, of samples grown with different DEZn molar fractions and processed according to 
(a). (d) I− V characteristics of two array detectors grown with chosen Zn compensation. Red and blue traces correspond 
to devices processed according to (a) and (b), respectively. (e) Spectrally resolved photocurrent for two detectors 
comprising a single QDisc in each NW, grown with chosen Zn compensation (red trace) and without Zn (blue trace), 
both processed according to (b).  
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The I-V characteristics for these detectors showed an asymmetric behavior. 
Asymmetric I-V characteristics have previously been reported in planar quantum 
well photodetectors and were attributed to different effects such as dopant 
segregation or growth-induced thickness modulation of the quantum well85,86. 
However, the asymmetry observed in our devices was on average significantly 
stronger than expected for any of the aforementioned effects. We interpreted this 
asymmetry as the result of self-gating induced by the ITO/SiOx/NW wrap-gate 
geometry. As ITO covers the NWs uniformly during nanofabrication, as shown in 
Figure 4.1 a, any applied bias could effectively induce carrier 
depletion/accumulation in the NWs, which would change the spatial distribution of 
the carrier concentration and consequently the measured current. In order to verify 
this hypothesis, another single QDisc-in-NW sample from the same growth run with 
χDEZn = 0.5 × 10−7 was fabricated according to the modified scheme in Figure 4.1 
b. The embedding of the NWs in a thick, hard-baked photoresist clearly mitigates 
any self-gating effects by allowing just the tips of the NWs to be in contact with the 
ITO. Evidently, the I-V characteristics of sample A was significantly more 
symmetric (blue trace in Figure 4.1 d) confirming a reduced accumulation (at 
positive bias) and depletion (at negative bias) of electrons in the NWs. A theoretical 
comparison of induced self-gating (accumulation of electrons) in a NW processed 
according to the two investigated schemes using the semiconductor module of 
COMSOL confirmed asymmetric characteristics for NWs processed according to 
the scheme with self-gating (Figure 4.1a). Spectrally resolved PC measurements 
were carried out on array detectors both with and without Zn compensation. 
Evidently, the interband PC signal from the InAsP QDiscs starting at 0.9 eV was 
much more prominent with added Zn (Figure 4.1 e) due to the dark current 
reduction and an enhanced collection of photogenerated carriers induced by a 
better optimized electric field distribution.

4.2 Current-voltage and photocurrent characterization 

In order to increase the PC contribution from the InAsP QDiscs, we made a new 
series of samples with 20 QDiscs in each NW using the optimized growth  
parameters discussed above. An SEM image of the grown NW array is shown in 
Figure 4.2 a. Transmission electron microscopy (TEM) images showed that the 
grown QDiscs had thicknesses of 10 ± 1 nm. Energy dispersive X-ray spectroscopy 
(EDX) revealed fairly sharp InAsP/InP interface transitions (Figure 4.2 b). Point 
measurements of the composition in the QDiscs yielded As concentrations between 
60 and 80%. PL measurements revealed a relatively broad peak between 0.9 and 1.2 
eV at 5 K (Figure 4.2 c). The peak width most likely reflects the combination of 
variations in QDisc thickness and composition. A simple estimate of the wurtzite 
InAsxP1-x bandgap would be 0.67−0.86 eV for 0.6 < x < 0.8 (estimated from EDX) 
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using an InAs and InP WZ bandgaps of 0.48 and 1.49 eV87,88, respectively, and a 
bowing parameter of 0.1 eV89 at 4 K. We attributed the observed blue-shift in PL 
compared to the estimated bandgap of the QDiscs to quantum confinement.  

 

Figure 4.2 (a) SEM image of an as-grown InP n+−i−n+ NW array with 20 InAsP QDiscs in each NW. The scale bar is 1 
μm. (b) EDX linescans overlaid on a TEM image of a NW. Green (blue) color represents P (As), respectively. (c) Typical 
PL and (d) TEM of a representative NW. The scale bar is 200 nm. 

We fabricated two samples with 20 QDiscs, one without DEZn (sample B) and one 
with DEZn (sample C) to reduce the dark current. The samples where processed 
with photoresist infill to avoid any side-gating effects, as shown in Figure 4.3 a. The 
results from the I-V characterization presented in Figure 4.3 b shows a 4 orders of 
magnitude reduction in dark current from 300 K to 5 K at -2 V indicating efficient 
trapping of carriers at low temperatures in the staggered potential landscape 
introduced by the multiple QDiscs (sample B). I-V measurements on sample C 
showed a further four orders of magnitude reduction of dark current in a broad 
temperature range as compared to sample B confirming the successful 
compensation of residual n-doping in intrinsic region (Figure 4.3 c).  

Figure 4.4 a, shows the spectrally resolved PC of samples B and C measured at 5 K. 
Clear spectral signatures of InP ZB and WZ crystal structures were visible in both 
samples. The PC with onset of about 0.75 eV is attributed to the QDiscs. The QDisc 
interband PC exhibits a broad signal with several peaks, which can be explained by 
thickness and compositional variations of the QDiscs, or by different electronic 
transitions in the QDiscs.  
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Figure 4.3 (a) Schematics of a vertically processed 20 QDiscs-in-NW array detectors. (b) Temperature dependence of 
the dark I-V characteristics of sample B (without Zn). (c) Comparison of the dark current at −2 V bias of samples B and 
C at different temperatures. The inset highlights the trend of increasing Iph/Idark by introducing multiple discs and 
adding Zn (T = 5 K). 

A general observation is that the PC is strongly enhanced with increasing 
temperature. The onset of about 0.60 eV at 300 K is red-shifted compared to the 5 
K onset by about 150 meV, which can be attributed to both the temperature-
dependence of the bandgap (about 70 meV)87,90 and to an enhanced thermal 
excitation of photogenerated carriers from the QDiscs to the InP NW matrix. Figure 
4.4 c shows the spectrally resolved responsivity of sample C, extracted from the PC 
data in Figure 4.4 b using calibrated photodiodes. In order to cover the full spectral 
range of the NW detector, both Ge and Si photodiodes had to be used to extract the 
responsivity. Evidently, the relative contribution from the QDiscs, compared to the 
InP NW matrix, appears reduced compared to the PC presented in Figure 4b. This 
is due to a reduced transmission of the CaF2 beam splitter, and a weakly reduced 
intensity from the quartz lamp, in the range 1.1–2.4 eV. It should be noted, however, 
that the responsivity in the spectral region covered by the QDiscs amounts to 0.6 
A/W (at 0.9 eV), steadily increasing with applied bias to 7 A/W at 2 V bias (inset 
of Figure 4.4 c). This value is significantly higher than the typical responsivity of 
commercially available InGaAs, Ge, and Si photodiodes (the calibrated detectors 
used in this study both have a peak responsivity < 1 A/W). 

(a)

(b)

Top n+-segment
i-segment

QDisc

Bottom 
n+-segment

(c)
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Figure 4.4 Spectrally resolved PC for (a) samples B and C at 5 K and −0.3 V applied bias and (b) sample C at 300 K 
for varying applied biases. (c) Spectrally resolved responsivity of sample C at 300 K and 0.7 V bias. The dashed colored 
lines are guides for the eye, indicating contributions from the QDiscs and InP NW, respectively. The inset shows the 
responsivity as a function of applied bias at 0.90 eV (1.38 μm). 

This chapter was dedicated to InP NW array photoconductors, comprising single or 
20 inserted InAsP QDiscs in each NW, grown by MOVPE demonstrating a 
detection range of up to 2 μm. It was shown that the dark current of the devices can 
be reduced by more than 4 orders of magnitude by adding Zn to compensate the 
unintentional n-doping in the intrinsic region. From spectrally resolved PC 
measurements it was concluded that the QDiscs provide a strong PC contribution 
with a bias-tunable responsivity reaching 7 A/W @1.38 μm at 2 V bias, and a 
significantly extended spectral sensitivity window to about 0.60 eV (2.0 μm) at 
room temperature. Also, we investigated the effect of radial depletion, due to an 
effective wrap-gate design, induced by covering the sides of the NWs by ITO and 
SiOx during processing of the detectors. 

(a) (b)

(c)
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5 High responsivity of InP nanowire 
arrays photodetectors with 
embedded quantum 
heterostructures  

In this chapter we discuss the responsivity of InP NW arrays with embedded InAsP 
quantum discs under illumination with a broadband quartz lamp source, a 532 nm 
laser, and a 980 nm laser, for various intensities and modulation frequencies. The 
measurements demonstrate a remarkable responsivity of the fabricated 
photodetectors as high as 250 A/W at 980 nm/ 20 nW and 990 A/W at 532 nm/60 
nW, both at 3.5 V bias, far beyond the classical limit for photoconductive detectors. 
This indicates the presence of a novel photoconductive gain mechanism. To unravel 
the origin of the enhanced responsivity we performed full optoelectronic 
simulations using the commercial device simulator Synopsys Sentaurus, which 
solves the electron and hole continuity equations, including drift-diffusion currents, 
together with the Poisson equation. The simulation results revealed a lowering of 
the potential barrier between the highly doped n-region and the middle intrinsic 
region, induced by recombination of trapped electrons in surface traps and QDiscs 
with photogenerated holes. The simulated I-V behavior was in remarkably good 
agreement with the experimentally measured data. 

5.1 Growth, fabrication and FTIR characterization 

We followed the same procedures as discussed in Chapters 4 and 5 to grow the NWs 
using MOVPE. First, Au particles were patterned by nanoimprint lithography, metal 
evaporation, and lift-off. The growth was then carried out in a low-pressure (100 
mbar) Aixtron 200/4 MOVPE reactor at 440 °C. The grown NWs have a diameter 
of 130 nm and a length of about 2 μm, with a designed n+-i-n+ doping profile. 
Tetraethyltin (TESn) was used as the doping precursor for the n-region and 
diethylzinc (DEZn) was used to compensate the residual n-doping in the intrinsic 
region. Also, the condition of the reactor was optimized to adjust the flow of DEZn 
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as low as possible, to avoid any over-compensation that potentially can turn the 
doping profile to n+-p--n+. The growth conditions for the InAsP QDiscs were the 
same as discussed in Chapters 4 and 5. The grown QDiscs had thicknesses of 8 ± 1 
nm and an As concentration of 40% ± 10% as observed by multiple point TEM/EDS 
analysis and full quantifications. Figure 5.1 (a) and (b) show TEM images and 
overlaid EDS spectra of As and P, respectively. 

 

Figure 5.1 (a) TEM image of a single NW revealing the 20 axial InAs0.40P0.60 QDiscs (scale bar is 200 nm). (b) The 
overlaid EDS spectra show the presence of As (red trace) and P (cyan trace). Point analysis and quantification in the 
center of the discs confirm an As composition of 40% ±10%. 

The vertical processing of the device is also optimized to achieve the highest 
performance level. After encapsulating the NWs by SiOx and back etching of the 
photoresist to expose the tips of the NWs, we noticed a discontinuity between the 
infill photoresist and oxide layer, possibly occurring due to lateral etching of the 
oxide by BOE. This discontinuity can lead to a poor top contact layer by not 
allowing ITO to uniformly deposit through the device. Hence, we removed the 
photoresist after exposing the tips and respun a second round of photoresist, 
followed by back etching to avoid the discontinuity. Figure 5.2 shows different steps 
of the processing of the fabricated device. 
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Figure 5.2 Fabrication steps to realize the present NW array photoconductors. (a) Definition of Au seed particles by 
NIL. (b) Growth of InP/InAsP NWs using MOVPE. (c) Capping of the grown NWs by a SiOx layer using atomic layer 
deposition (ALD). (d) Embedding of the NWs in a thick photoresist (S1818) layer and subsequent back-etching to expose 
300 nm of the NW tips. (e) Etching of SiOx and Au particles from the tips. (f) Sputtering of 50 nm ITO on top of the NWs 
as a transparent contact. (g) Definition of device areas using UV lithography, followed by deposition of 400 nm thick 
gold bond pads. (h) Sample mounted on a DIL holder and bonded for optoelectronic characterization. 

The optoelectronic characterization started by measuring the I-V traces of the device 
under dark and broadband (quartz lamp) illumination conditions as shown in Figure 
5.3 (a). The device shows the expected antisymmetric I-V behavior of a successfully 
realized n+-i-n+ structure. The dark current at -1 V amounts to about 35 pA/NW at 
300 K, proving a successful suppression of the dark current by compensating 
residual n-dopants in the intrinsic region. The extracted PC of the device, obtained 
by subtracting the dark current from the total current under illumination, is shown 
in Figure 5.3 (b). Fourier transform infrared (FTIR) spectroscopy was carried out to 
investigate the spectral distribution of the PC. The measured PC data were 
subsequently converted to responsivity using two NIST-calibrated Ge and Si 
photodiodes from Thorlabs. The spectrometer (Bruker Vertex 80 V) was equipped 
with a quartz lamp, with an intensity of about 10–15 mW/cm2 (at the sample 
position) in the spectral range 500–1100 nm, and a CaF2 beam splitter. The 
spectrally resolved responsivity from 0.70 eV to 1.35 eV in Figure 5.3 (c) is 
attributed to interband transitions between the electron and hole ground states in the 
InAs0.40P0.60 QDiscs. The presence of several peaks in the range 0.7–1.35 eV can be 
attributed to different electronic transitions between confined energy levels in the 
QDiscs, as well as to variations in QDisc thickness and As composition. The sharp 
increase in responsivity at about 1.35 eV reflects the onset of interband excitation 
of the InP NWs. The responsivity increases strongly with applied bias, as expected 
from the strongly bias-dependent PC in Figure 5.3 (b), reaching a peak responsivity 
of 16 A/W at a bias of 2 V. Figure 5.3 (c) also shows the gain at 2V calculated from 
the responsivity. Here, it should be noted that the measured data in Figure 5.3 (a) 
and (b) are taken under DC conditions, while the illumination during the FTIR 
measurements is modulated by the scanning mirror at a frequency of about 7.5 kHz. 
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Figure 5.3 Typical optoelectronic characteristics of a fabricated NW photoconductor at 300 K. (a) I-V in the dark (black 
traces) and under illumination (red traces). The solid lines are experimental data while the dashed lines are simulations. 
(b) Photocurrent obtained by subtracting the dark current from the total current under illumination. (c) Spectrally resolved 
responsivity versus photon energy at three different biases (solid lines, left axis) and calculated gain at 2 V (dotted line, 
right axis) 
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5.2 Optoelectronic modeling of gain mechanism  

The observed PC and responsivity data are, to the best of our knowledge, higher 
than any other reported values for III-V NW-based photodetectors in the same 
wavelength region. Seyedi et al. reported on GaAs/AlGaAs core-shell NWs grown 
on a GaAs substrate with a responsivity reaching 0.65 A/W at 300 K and 850 nm 
wavelength91. Lee et al. reported on InAsSb NWs grown on a GaAs substrate with 
a responsivity of 0.194 A/W in the range of 1000–3500 nm92. The only report of InP 
NW arrays with embedded quantum heterostructures photodetectors outside our 
group is by Kuyanov et al. where they synthesized InP NWs with axial InAsP 
quantum dots on a silicon substrate76. For their devices, however, only 17% of the 
NWs were standing vertically, and the devices demonstrated a low photosensitivity. 
In order to unravel the detailed underlying mechanism behind the large observed 
PC in our detectors, we have carried out extensive modeling of our NW detector 
arrays including traps located at the interface between the NW and SiOx shell. The 
simulations were carried out with the commercial device simulator Synopsys 
Sentaurus which solves the electron and hole continuity equations, including drift-
diffusion currents, together with the Poisson equation. A high gain in 
photoconductors is often understood in terms of the well-known photon-recycling 
model in which the optical gain, i.e., the ratio of the number of photogenerated 
charge carriers to the number of absorbed photons, is proportional to the ratio 
between minority carrier lifetime and corresponding transit time across the 
photoconductor. This explanation, however, assumes that the distribution of 
photogenerated carriers is uniform across the photoconductor, an assumption that is 
unrealistic due to the presence of metallic contacts to the detector and the high 
applied electric field induced by the applied bias. Dan et al. have shown that the 
gain in photoconductors can in fact only exceed unity if there is a large imbalance 
in the ratio of majority to minority photocarrier density, or in the ratio of majority 
to minority carrier mobility93. However, their explanation disregards the effect of a 
feedback mechanism involving trapped charge carriers in the electrostatic potential. 
We have developed a novel model that describes the complex dynamics involved in 
carrier trapping and recombination in the embedded QDiscs and interface traps in 
darkness and under illumination in great detail. For the modeling, we have used an 
accurate 2D geometrical model of the NWs directly extracted from a TEM image, 
with rotational symmetry around the central axis, including the QDiscs with correct 
thickness and accounting for the variation in spacing between the discs. The 
schematic of the simulated structure is shown in Figure 5.4 (a). Also, interface 
recombination is included by adding shallow acceptor traps at the NW/SiOx 
interface, with an energy of 100 meV below the conduction band edge of both InP 
and InAs0.40P0.60. A trap density of 9 × 1011 cm–2 and a capture cross section of 1.5 
× 10–20 cm2 were chosen from a fitting to the experimental data. The dashed lines in 
Figure 5.3 (a) and (b) are simulated I-V characteristics of a complete NW array 
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detector element. Evidently, the measured and simulated I-V characteristics in dark 
and under illumination are in excellent agreement. Figure 5.4 (b) shows the 
calculated room-temperature band diagram along the center of a NW at an applied 
bias of 1 V. The intrinsic region creates an electrostatic barrier for the electrons, 
which leads to a resistive behavior. In addition, electrons are trapped in the dark by 
the QDiscs and acceptor-like states present at the NW/SiOx interface. This negative 
immobile charge effectively leads to a radial depletion of the intrinsic region due to 
electrostatic forces, further reducing the electron density by 2 orders of magnitude. 
The radial depletion also leads to a radial dependence of the band diagram, where 
the conduction band bends up toward the surface of the NWs. The resulting 
electrostatic potential creates a significantly higher barrier for the majority electron 
current, in effect similar to a negatively charged gate in a field-effect transistor. 
Under illumination, electron-hole pairs are generated in the NW. The minority holes 
can efficiently recombine with the trapped interface electrons, reducing the trap 
occupation substantially. In Figure 5.4 (b) this is shown on the right-hand axis, 
where the trap occupation probability is plotted (1 is equivalent to 100% trapping 
probability). Lowering the local density of immobile electrons leads to a lowering 
of the electron barrier for electrons, and thereby to a substantial increase in the 
current through the wire and a responsivity much higher than the classical limit as 
discussed above. 

 

Figure 5.4 (a) Geometry of the simulated NW structure, with a rotational symmetry axis around y = 0. The position and 
thickness of the individual QDiscs along the NW are taken from a TEM image. (b) Upper panel shows the schematic 
band diagram of the intrinsic region along the center of the NWs with embedded QDiscs at an applied voltage of V = 1 
V in the dark (black lines) and under illumination (red lines). The corresponding quasi-Fermi levels are also displayed 
and marked by EFn and EFp, respectively. The lower panel shows the electron occupation probability (right-hand side 
scale) in the proposed interface traps of the NWs in the dark and under illumination. T = 300 K. 
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Figure 5.5 (a) Responsivity versus laser power and applied bias at 532 nm laser wavelength. The symbols are 
experimental data, while the solid lines are derived from the modeling. (b) Responsivity versus laser power and applied 
bias at 980 nm laser wavelength. All experimental PC values are taken using a standard lock-in technique at f = 50 Hz. 

5.3 Responsivity for different laser wavelengths and 
intensities  

The extracted responsivity for 532 nm laser illumination for different applied biases 
is shown in Figure 5.5 (a). The highest responsivity at a 50 Hz chopper frequency 
amounts to 990 A/W for an optical power of 60 nW and a bias of 3.5 V. The 
responsivity strongly reduces with increasing laser power as expected from the 
proposed photogating effect involving traps. The illumination leads to a lowering of 
the electron barrier due to recombination of interface-trapped electrons with 
photogenerated holes. However, high optical generation levels lead to interface 
electron densities lower than or equal to the surrounding majority electron density, 
and hence to a saturation of the PC and a drop-in responsivity. The dashed lines in 
Figure 5.5 (a) are the calculated responsivity values, which evidently are in very 
good agreement with the experimental data. Moreover, we also performed a 
simulation without including interface traps, thus removing the strong photogating 
effect, which resulted in responsivity values that were within the standard 
theoretical limit for photoconductors. This result confirms that interface traps are 
necessary in order to explain the experimental data. The NW photoconductors also 
demonstrated a high responsivity for 980 nm laser illumination as shown in Figure 
5.5 (b). The highest responsivity at 50 Hz chopper frequency obtained for this laser 
wavelength was about 250 A/W for an optical power of 20 nW and a bias of 3.5 V. 
We note that the maximum responsivity values at 532 and 980 nm recorded at 50 
Hz are much higher than those shown in the spectrally resolved data in Figure 5.3 



62 

(c). There are two reasons for this difference: (i) the intensity of the quartz lamp 
used in the FTIR setup is much higher than 60 nW, which leads to a lower 
responsivity from the discussion above, and (ii) the modulation frequency of the 
light in the FTIR (∼7.5 kHz) is much higher than the chopper frequency of 50 Hz 
used in the lock-in laser setup. A higher modulation frequency reduces the PC 
significantly. The highest responsivity is thus obtained for a low modulation 
frequency combined with a low light intensity. The extracted specific detectivity of 
D* = 2 × 1010 (cm2 Hz)1/2/W was obtained at a bias of 0.5 V and 532 nm. 
Table 5.1 Comparison of different reported NW-based infrared photodetectors 

Material Sub 
strate 

Area 
(mm2) 

T (K) λ (µm) R (A/W) Gain D* (Jones) Dark current Ref 

InAs InP 0.01 RT 1.2 – 2.5 1.25×10-3 0.08×10-3 2.5×107 130 mA/cm2 @ 0.5V 94 

InAs Si 4 77 1.4 –  3.3 60.45×10-3 9.2×10-2 1.9×108 0.5×10-4 mA/cm2@ 
0.05 V 

75 

InP/InAsP 
QDs 

Si 2.4 RT 0.8 – 1.4 NA NA NA 0.2nA @ -1V 76 

GaAsSb Si 50 RT 0.633 – 1.1 311 NA 1.9×1010 NA 95 

InAsSb GaAs 0.0025 77 – 220 1 – 3 0.194 NA NA 200 mA/cm2 @ 0.1V 92 

InAsSb InAs NA 5 3 – 5.7 NA NA NA 3×10-3 mA @ 0.1V 96 

GaAs/AlGa
As 

GaAs 0.01 RT 0.85 0.65 NA NA 100 µA/cm2  @ -2V 91 

InP/InAsP InP 0.64 RT 0.5 – 2 7 NA NA 20 µA  @ -2V 97 

InP/InAsP InP 0.64 RT 0.5 – 1.7  250 @ 980 nm 
990 @ 532 nm 

25 2×1010 100 μA @ -1V This work 

 

In Table 5.1, we summarize the characteristics of NW-based IR detectors reported 
in literature, and compare those to the results presented in this chapter. Finally, we 
also investigated the time response of the photodetectors at 532 nm using a chopper 
at 1 kHz (100 rev./s) combined with a storage oscilloscope. From the PC trace 
shown in Figure 5.6 we extract a rise time and decay time of 33 and 207 μs, 
respectively. The rise time is limited by the tangential velocity at the rim of the 
chopper wheel. The much longer decay time reflects a persistent photoconductivity 
effect, attributed to radial band bending which leads to a spatial separation of 
photogenerated electrons in the NWs and holes captured by the interface traps. The 
obtained rise and decay times are comparable to those recently reported for NW-
based photodetectors, demonstrating the potential of the present NW array 
photodetectors98. 

In conclusion, in this chapter we comprehensively studied the responsivity of 
broadband n+-i-n+ nanowire array photoconductors with embedded quantum 
heterostructures. The photodetector demonstrated a broadband photoresponse and 
an ultrahigh responsivity and gain that depends on both the applied bias and the 
optical power. Advanced modeling, based on realistic nanowire structures, revealed 
that the high responsivity can be explained by a photogating feedback mechanism 
on the electrostatic band profile. This feedback mechanism, originating from the 
complex charge carrier dynamics involving interface traps and the quantum discs, 
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reduces the electron transport barrier between the highly doped n+ contact and the i-
segment under illumination. 

 

Figure 5.6 Oscilloscope trace of the recorded PC at 1 kHz chopper frequency. A residual persistent photoconductivity 
effect is evident from the fairly slow recovery transient. 
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6 Intersubband InAsP/InP quantum 
discs-in-nanowire photodetectors 

Although there has been a great effort in developing high performance 
photodetectors based on NWs, the operation wavelength is limited mostly to the 
NIR and SWIR regions. Svensson et al. reported on a NW-based photodetector in a 
low-bandgap InAs/InAsSb NW array that had a photoresponse peak at 4 μm with a 
long wavelength cut-off at approximately 5.7 μm.9 Also, Zhou et al. reported on 
single crystalline SmB6 NWs with a broadband photodetection range from 488 nm 
to 10.6 μm99. Intersubband transitions are an effective way to detect long 
wavelength photons because the energy separation between the corresponding 
electronic states can readily be tuned by the dimensions of the QWs/ QDs and their 
compositions. To the best of our knowledge, there are no previous reports on 
spectrally-resolved PC generation in a NW geometry for LWIR detection. In this 
chapter, we investigate intersubband transitions between confined energy levels in 
InAsP QDiscs embedded axially in InP NWs and capable of broadband detection at 
normal incidence in both the MWIR and LWIR ranges, extending to wavelengths 
as long as 20 μm. Also, we show that NWs host longitudinal modes which enables 
new opportunities for controlling and manipulating long-wavelength radiation in 
detecting and energy-harvesting devices. 

6.1 Current-voltage and photocurrent characterization 

Figure 6.1 shows SEM and TEM images along with EDX data of as-grown InP NWs 
comprising a single embedded InAsP QDisc. Complete photodetector elements 
were fabricated from these NW arrays using the processing scheme discussed in 
Chapter 3 with photoresist in-fill to mitigate self-gating effects. The low dark 
current levels demonstrated in Figure 6.2 a, falling by about 5 orders of magnitude 
from 1.6 × 10−3 A at 250 K to 1 × 10−8 A at 10 K at a bias of 0.5 V, exhibit symmetric 
voltage dependence. Spectrally resolved PC shows that the fully processed device 
exhibits a broad spectral response across the visible and NIR regions from 0.9–2.4 
eV (0.5–1.4 μm) at room-temperature.  
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Figure 6.1 (a) SEM image of an as-grown InP NW array with a single embedded InAsP QDisc in each NW. (b) Low-
resolution STEM image of a NW with an embedded disc. (c) A higher-resolution image showing the QDisc, overlaid with 
an EDX linescan. The EDX profile show that the discs are not abrupt and have an average thickness of 7−8 nm. 

We attribute the PC response in the 1.3−2.4 eV range to interband transitions in the 
InP and in the 0.9−1.3 eV range to interband transitions between confined energy 
levels in the InAsP QDisc (Figure 6.2 b). The semi-log plot of the PC in Figure 6.2 
d clearly indicates two interband transitions with onsets of about 0.95−1.0 eV and 
1.1−1.15 eV, respectively. The inset in Figure 6.2 d shows the assignment of the 
corresponding underlying optical transitions in the QDiscs. The proposed smooth 
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and asymmetric confinement potential is inferred from the EDX data in Figure 6.1 
c. Strong peaks in the energy range between 1.45 and 1.65 eV are interpreted as 
interband transitions in the zincblende (ZB) and wurtzite (WZ) segments of the 
polytype InP NWs. The temperature-dependent PC spectra in Figure 6.2 c show a 
strongly reduced trapping of electrons at elevated temperatures by the staggered 
conduction band landscape induced by the embedded QDiscs and the polytype 
ZB/WZ InP crystal structure. 

 

Figure 6.2 I-V characteristics and spectrally resolved interband PC of a single-QDisc-in-NW photodetector. (a) I-V 
characteristics in darkness measured at different temperatures. (b) PC at 300 K for different applied biases. (c) PC at 1 
V bias vs temperature and (d) PC at 220 K, taken from panel c, in a semi-log scale. Inset shows schematically the 
relevant interband transitions in the QDisc. 

At low temperatures, spectrally resolved PC spectra show that the devices exhibit a 
PC response that extends out to approximately 20 μm. The PC spectrum of the 
single-QDisc-in-NW detector (Figure 6.3 a) shows a large PC signal centered 
around 0.1 eV at normal incidence, having an apparent double-peaked structure with 
peaks at approximately 0.08 and 0.12 eV. Additionally, two smaller photocurrent 
peaks are observed at 0.20 and 0.40 eV. These PC signals in the MWIR and LWIR 
regions were recorded after switching from interband (CaF2 beam splitter and quartz 

(a) (b)

(c) (d)
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lamp) to intersubband (KBr beam splitter and globar filament source) spectrometer 
settings. We observe that the intensity of the intersubband PC signal is largest at 
normal incidence and is reduced as the angle of incidence increases (Figure 6.3 b). 
This behavior is in sharp contrast to conventional planar QW detectors that exhibit 
very small PC signals at normal incidence because of the fundamental selection 
rules for intersubband transitions. 

 

Figure 6.3 (a) Spectrally-resolved intersubband PC at normal incidence excitation. The inset shows schematically the 
electronic structure of the discs with indicated energy levels and the main optical intersubband transition (blue arrow) 
behind the experimentally observed signal at about 0.1 eV. (b) PC spectra taken at various angles of incidence relative 
to the normal of the sample. 

The electronic origin of the intersubband transitions in our single-QDisc-in-NW 
detector can qualitatively be understood from calculations of the band structure of 
the InAsP QDiscs using an 8-band k · p model89 which shows the existence of two 
states inside the conduction band of the InAs0.55P0.45 QDiscs: a ground state at 0.22 
eV and an excited state 0.05 eV below the conduction band of the InP. As mentioned 
above, the As composition varies significantly across the thickness of the QDiscs 
which leads to a smoothed potential profile. In effect, this pushes up the ground state 
and lowers the excited state of the QDisc compared to a hard-wall QW potential. 
Based on these arguments, the double-peak structure centered around 0.1 eV can be 
attributed to an intersubband transition between the QDisc’s ground state and 
excited state, followed by a subsequent escape to the InP NW continuum. The dip 
at 0.1 eV (12.4 μm) between the peaks at 0.08 and 0.12 eV is attributed to strong 
optical phonon absorption100 induced by SiO2 shell around the NWs, which 
decreases the amount of light that reaches the QDisc. 

(a) (b)
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Figure 6.4 2D FDE model, 3D FDTD model, and the results of EM modeling. (a,b) Amplitudes of the longitudinal 
component, |EZ|, of the first and second mode at λ = 12.4 μm, respectively. (c,d) Amplitudes of the longitudinal 
component, |EZ|, of the first mode at λ = 15.5 μm and of the second mode at λ = 10.33 μm, respectively. In panels a−d, 
the edges of the InP and SiO2 regions are indicated by black lines. (e) 2D cross-section of the 3D unit cell in the x-z 
plane showing the real part of the complex refractive index at λ = 12.4 μm. Colors indicate the InP substrate and wire 
(red), the QDisc (dark red), the oxide (light blue), the photoresist (dark blue), the ITO (aqua), and air (dark purple). (f) A 
slice in the x-z plane of the 3D FDTD model of the longitudinal component, EZ, of the electric field for λ = 12.4 μm at 
normal incidence (θ = 0). 

6.2 Optical simulation results 

Optical modeling of a complete single-QDisc-in-NW detector shows a photonic 
crystal behavior of the device that hosts very different optical modes compared to 
conventional planar QWIPs. According to eigenmode solutions to Maxwell’s 
equations on a 2D cross-section, the device supports two optical modes in the 3−20 
μm wavelength range having nonzero longitudinal EZ components for normally 
incident optical excitation that extend from the low-index dielectric matrix into the 
high-index NW (Figure 6.4 a−d). These modes ensure that even at normal incidence, 
the EZ component of the electric field necessary to excite intersubband transitions 
in the QDiscs is present within the NWs. The variation in longitudinal component 
amplitude indicates that the intersubband absorption strength may vary with 
wavelength. For example, the FDE model shows that the longitudinal component 
amplitude at 10.3 μm (0.12 eV) is significantly greater than at 15.5 μm (0.08 eV) 
(Figure 6.4 c,d), in agreement with our experimental observation that the PC signal 
is significantly stronger at 0.12 eV than at 0.08 eV at normal incidence (Figure 6.3 
a). A slice of the EZ component of the electric field for a wavelength of 12.4 μm at 
normal incidence (Figure 6.4 f) shows that the wave acquires an EZ component that 
extends into the NW as it passes through the nanostructured layer of the device and 
that this EZ component vanishes as the wave passes into the substrate. The presence 
of a finite EZ component induced by the nanostructured parts of a photonic crystal 
partly explains the intriguing existence of a normal incidence signal in our NW array 
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detectors. An additional effect that influences the sensitivity to normal incidence 
radiation is the compositional variation along the discs (as extracted from the EDX 
data in Figure 6.1 c). This creates a smooth, asymmetric potential that lacks 
inversion symmetry (as indicated in the inset of Figure 6.3 a). This compositional 
variation most likely reflects As carryover101,102 which leads to a significantly 
sharper transition from InP to InAsP than that from InAsP to InP. Moreover, our 
QDiscs are grown using the deplete growth which might induce further 
compositional changes compared to conventional planar growth. The absence of 
inversion symmetry in the confining potential washes out the definite parity of the 
corresponding wave functions and leads to nonvanishing oscillator strength in the 
intersubband transitions at normal incidence. 

In conclusion, in this chapter we discussed detection of long-wavelength infrared 
absorption in NWs and PC originating from intersubband transitions in NW 
heterostructures. We realized photodetectors that exhibit a photoresponse from the 
visible to the far-infrared. Additionally, we observe PC caused by intersubband 
transitions under normal incidence illumination, which is attributed to a photonic 
crystal behavior of NWs having nonzero longitudinal components that extend out 
of the low-index dielectric matrix and into the high-index NWs.  
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7 Summary and Outlook 

In this thesis work, we have demonstrated the successful development of novel NW-
based broadband photodetectors. We showed that unintentional doping in NWs can 
increase the dark current leading to poor detector performance. To eliminate this 
effect, we introduced Zn as compensatory in-situ doping. I-V characterization 
showed that the dark current reduced by about 4 orders of magnitude in a broad 
temperature range. Also, we observed a self-gating effect arising from the radial 
NW/SiOx/ITO design leading to an asymmetric I-V behavior. Filling the space 
between the NWs by a photoresist avoids the formation of this side-gating effect 
and symmetrizes the I-V characteristics of the detectors. A room-temperature 
responsivity of about 7 A/W @1.4 μm for 2 V bias was reported for InP NW array 
detectors with 20 InAsP quantum discs embedded in each NW. We also performed 
an in-depth experimental and theoretical investigation of the responsivity of 
optimized photodetectors under different illumination conditions. The 
photodetectors exhibit strongly bias and power-dependent responsivities reaching 
record-high values of 250 A/W at 980 nm/20 nW and 990 A/W at 532 nm/60 nW, 
both at 3.5 V bias. Complementary real device modeling revealed a new photogating 
mechanism, induced by the complex charge carrier dynamics involving optical 
excitation and recombination in the quantum discs and interface traps, which 
reduces the electron transport barrier between the n+ segment and the i-segment 
under illumination. 

We have also demonstrated the first NW array intersubband photodetector with a 
photoresponse extending up to 20 μm with normal incidence sensitivity. FDTD 
simulations showed that the unexpected normal incidence response partly stems 
from photonic crystal properties of the NW array matrix which hosts non-zero 
longitudinal modes with an Ez component along the NWs. 

Although we have been successful in fabricating state-of-the-art IR photodetectors 
using NWs, there are challenges remained to be solved. The demonstrated 
intersubband NW photodetectors are working only at very low temperatures around 
5 K, which is far below the operation temperature of commercially available LWIR 
photodetectors. One reason is that the magnitude of the Ez component inside the 
NWs is very small. A solution to increase Ez is to embed the NWs in a photonic 
crystal, formed by a periodic pattern of dielectric materials such as SiOx or AlOx, 
that enhances Ez. Initial simulation results show that by proper designing of such a 
pattern, Ez can increase by three orders of magnitude inside the NWs.  
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Also, the mentioned side-gating effect in fact offers a new possibility to make three-
terminal NW IR photodetectors for voltage-tunable broadband photoresponse. 
Applying a bias to the NW/SiOx/ITO wrap-gate facilities a Fermi level (electron 
concentration) tuning inside the NWs and discs, which in turn provides not only a 
handle for controlling the dark current, but also to toggle between interband and 
intersubband functionality. 

Our results show that the incorporation of heterostructures in NWs pave the way 
toward realizing disruptive high-performance photodetectors and image sensors 
capable of broadband detection resulting from interband and intersubband 
transitions.  
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