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ABSTRACT
Photodetectors are semiconductor devices that can convert optical signals into electrical
signals. There is a wide range of photodetector applications such as fiber optics
communication, infrared heat camera sensors, as well as in equipment used for medical and
military purposes.
Nanowires are thin needle-shaped structures made of semiconductor materials, e.g. gallium
arsenide (GaAs), indium phosphide (InP) or silicon (Si). Their small size, well-controlled
crystal structure and composition as well as the possibility to fabricate them monolithically
on silicon make them ideally suited for sensitive photodetectors with low noise.
In this project, Fourier Transform Infrared (FTIR) Spectroscopy is used to investigate the
optical characteristics of InP nanowire-based PIN photodetectors. The corresponding
electrical characteristics are also measured using very sensitive instrumentation. A total of 4
samples consisting of processed nanowires with 80 nm diameter but different density and
length have been examined. The experiments were conducted from 78K (-196oC) to room
temperature 300K (27oC). The spectrally resolved photocurrent and current-voltage (IV)
curves (in darkness & under illumination) for different temperatures have been studied and
analyzed.
The samples show excellent IV performance with very low leakage currents. The
photocurrent scales with the number of nanowires, from which we conclude that most
photocurrent is generated in the substrate. Spectrally resolved photocurrent data, recorded at
different temperatures, display strong absorption in the near-infrared region with interesting
peaks that reveal the underlying optical processes in the substrate and nanowires,
respectively. The nature of the absorption peaks is discussed in detail.
This study is an important step towards integration of optically efficient III-V nanoscale
devices on cheap silicon substrates for applications e.g. on-chip optical communication and
solar cells for energy harvesting.
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I.

INTRODUCTION

The III-V binary compounds are the main materials for optoelectronic components. Due to
their significant role in a broad range of applications, III-V compounds have been
continuously studied for many years. Among these, InP compounds are widely used for
optical communication, infrared LEDs & detectors, and highly efficient solar cells.
The objective of this thesis is to analyze and study the behavior and performance of a
radically new type of PIN diodes where n-type InP nanowires with an intrinsic i-segment are
grown directly on p-type InP substrates without buffer layer. Since this type of device is still
in an early stage, studying its electrical and optical characteristics helps us not only to prove
its functionality, but also to find a way to fine-tune and improve the design for better
performance.
Four different InP photodetectors comprising different nanowire length and density were
investigated. Electrical characteristics were recorded from 78K to 300K in 10K steps, with
and without illumination. The corresponding optical properties were investigated by FTIR
spectroscopy in the same temperature region. We also carried out polarization dependent
measurements to separate optical signals related to the nanowires and substrate, respectively.
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II.

BACKGROUND
1. Photodetector

In crystals, atoms are periodically ordered and every atom occupies a definite position in
space in an atomic structure called a crystal lattice.

Most semiconductor materials are

crystals, however, there are also known amorphous semiconductors. We are interested in
crystalline semiconductors which are the main material in all electronics application.
Elemental semiconductor materials such as Si and Ge and semiconductor III-V compounds
e.g. GaAs, GaInAsP, CdS, InP are used in generation and detection of visible and infrared
radiation. The energy bandgap E g of a semiconductor is the energy separation between the
conduction and valence band. The band gap roughly determines the wavelength λ of emitted
or absorbed light. Semiconductor III-V compounds can be formed by 2, 3 or 4 elements like
GaxIn1-xAs1-yPy in order to obtain specific bandgap energy values and to design a source or a
detector for desired radiation (Fig. II-1).
There is a simple expression which connects E g and λ:

(

)

(

)

Here the bandgap energy Eg is given in eV and the wavelength is given in µm.

Figure II-1: Lattice constant and energy band gap for III-V compounds
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When a semiconductor material has a direct bandgap, electrons in the Γ-valley of the
conduction band and holes at the top of the valence band (Γ-point) both have the wave vector
k=0 and, therefore, the momentum p=ћk also equals 0, where k=2π/λ. Optical recombination
is a process when an electron in the conduction band recombines with a hole in the valence
band and the energy produced is released in a form of an emitted photon. The possibility of
this process to occur is high in direct band gap materials e.g. InP since there is no difference
in momentum for electron and holes (Fig. II-2). In indirect band gap materials, e.g. Si, Ge,
GaP, the wave vector k≠0 and the momentum p=ћk≠0. Recombination requires additional
energy in order to have the momentum conserved, and energy in a form phonon could either
be emitted or absorbed. The possibility of this process is much smaller than that of optical
recombination when no energy is needed and the momentum of an electron in the lowest
energy state of conduction band as well as the momentum of a hole in the highest energy
state of valence band are both equal to 0.

Figure II-2: Energy band diagram and optical transitions for direct and indirect bandgap semiconductor [14]

The process which is opposite to optical recombination, or emission, is absorption. When a
semiconductor material is illuminated the photon energy can be absorbed and electron-hole
pairs can be created. Photons can be absorbed if their energy Eph=hυ is high enough i.e. equal
or higher than bandgap energy Eg of the semiconductor. There is, however, a possibility to
absorb a photon even if the energy hυ< Eg. That can happen if there are electrons occupying
energy states in forbidden bandgap. Such energy states are due to chemical impurities and
physical defects in crystal lattice (Fig. II-3).
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Figure II-3: Optical absorption in semiconductor (a) hυ= Eg, (b) hυ> Eg, (c) hυ<Eg

A photodetector is a device which converts optical signals to electrical signals. In
semiconductor based photodetectors, e.g. p-n diodes, metal-semiconductor contacts (Schottky
diodes), p-i-n diodes, avalanche diodes and solar cells, impinging photons can create
electron-hole pairs and an electric current due to the strong electric field in the depletion
region. Photodetectors are typically reverse biased to enhance the electric current. In
photovoltaic solar cells no bias is applied and an electric current is formed already by the
built-in electric field in the depletion region.
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2. P-i-n diode

Figure II-4: Band diagram of a reversed biased p-i-n photodiode

Photodiodes with a p-i-n structure are commonly used due to the fact that the depletion
region (and thus the absorption volume) is much wider in comparison with an ordinary p-n
diode. If an intrinsic layer is sandwiched between p- and n- regions, the width of the
depletion region gets bigger and more electron-hole pairs are generated. If a photon is
absorbed within the depletion region, then the electron-hole pair will be separated by the
electric field and the electron and hole will be swept away by the field to the opposite sides
and thus give rise to a photocurrent. If a photon is absorbed in the p-region then an electronhole pair is created. If it happens within a diffusion length from the depletion region then the
electron will diffuse to the junction and reach it with a high probability. As soon as the
electron reaches the junction, the electric field in the depletion region will make the electron
drift across the depletion region (Fig. II-4). The same will happen with a hole from the
electron-hole pair created by the absorption of a photon in the n-region.
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3. What is a nanowire?
i.

Semiconductor nanowires

Semiconductor nanowires are semi 1-D single crystals with a needle shape and diameter of a
few tens of nanometers and length of a few micrometers (Fig. II-5). In fabrication of
semiconductor nanowires two different approaches are used: top-down and bottom-up. Topdown methods use lithography and etching in order to scale from a desired semiconductor
crystal to semiconductor nanowires. This method is not preferable because the surface of the
etched nanowires get damaged resulting in nanowires with in particular a high density of
surface defects. Moreover, with lithographical methods it is difficult to achieve extremely
thin nanowires. A much better alternative is the bottom-up method which employs epitaxial
crystal growth of nanowires from nano-scaled seed particles deposited on the surface. The
materials which have been used so far for nanowire growth are Si, GaAs, InP, GaSb, InAs,
and InSb. Metal carbide nanowires, metal nanowires, oxide nanowires (ZnO, In2O3 and
SnO2) and chalcogenide nanowires as well as complex nanowire heterostructures have also
been grown [3].

Figure II-5: Position-controlled InP nanowires grown on InP substrate. © 2004 American Chemical Society

ii.

Nanowire growth

The term epitaxy is composed of the Greek words ’epi’ which has a meaning ‘above’ and
‘taxis’ which has a meaning ‘in an ordered manner’. The basic idea behind epitaxy is to grow
a thin 2D layer, or a semi-1D nanowire, of a high-quality semiconductor on top of e.g. a
substrate semiconductor. If the material of the substrate is the same as that of the thin layer,
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or nanowire, the growth is called homoepitaxi, if not the growth is referred to as
heteroepitaxy. Nanowires are grown on a substrate in a well ordered manner due to selforganization. Small metal particles, or seed particles, are deposited on the surface to initiate
nanowire growth. The diameter of seed particles roughly determines the radius of nanowires.
As a material for seed particles, gold (Au) is normally used. It is also possible to use other
metals e.g. Cu [1] and even particle-free growth has been demonstrated. There exist several
methods of epitaxy such as liquid phase epitaxy (LPE), hydride vapor phase epitaxy (HVPE),
metal organic vapor phase epitaxy (MOVPE), ultra high vacuum chemical vapor deposition
(UHV-CVD), chemical beam epitaxy CBE and molecular beam epitaxy (MBE) [3]. The most
important epitaxial growth methods are Molecular Beam Epitaxy (MBE) and Vapor Phase
Epitaxy (VPE) which is also known as Chemical Vapor Deposition (CVD). VPE is preferable
for industrial growth because it does not require ultra-high vacuum and the rate of the growth
is much higher than that of MBE.
Nanowire growth using Metal Organic Vapor Phase Epitaxy (MOVPE)

Nanowire growth starts with deposition of size selected Au particles on the substrate using a
specially designed aerosol machine. The deposition density will determine the density of
wires and normally Au particles which have 5-100 nm in diameter are used. The density of
particles is about a few µm-2 or less. After Au deposition, the substrate is placed into a
MOVPE reactor cell with a flowing carrier gas (H2 or N2) along the substrate. The function of
the carrier gas is transporting the precursor gases. In MOVPE, metal organic precursors are
used to provide III and V group materials for nanowire growth. As group III precursors are
commonly used Trimethylgallium (TMG), Ga (CH3)3, Triethylgallium (TEG) Ga (C2H5)3, or
Trimethylindium (TMI) In (C2H5)3. As group V sources for III-V compound nanowires are
typically used Tertiarybutylphosphine (TBP) and Tertiabutylarsine (TBA). The hydrides
AsH3 or PH3, where the atom of desired group V material is surrounded by three hydrogen
atoms, are used as a source of group V elements as well. For InP nanowire growth,
trimethylindium In (CH3)3 and phosphine PH3 are often used as precursors [3].
A substrate with deposited Au particles is placed into the reactor cell and heated. The typical
temperature for growth of conventional 2-D layers of III-V compounds is 650ºC, while a
higher temperature is needed for nitride growth. Nanowire growth typically takes place at
lower temperature. The nanowires used in this project were grown at 420 ºC. When the
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desired growth temperature is reached, the precursor gases are introduced into the carrier gas
flow. When the precursors meet the Au particle, a supersaturated alloy is formed under the
particle. Since the precursors are continuously delivered by the carrier gas to the alloy,
precipitation of semiconductor material at particle-substrate interface will take place and
nanowire growth will start (Fig. II-6). The nanowire growth rate depends on the
concentration of precursors and the temperature which are controllable [5].

Figure II-6: Gold-assisted epitaxial growth of nanowires [4]

iii.

InP compounds

Indium phosphide is a III-V compound consisting of Indium and Phosphorus. It has a facecentered cubic crystal structure (Zincblende) as almost all III-V semiconductors. InP
nanowires, however, can also crystallize in a hexagonal Wurtzite structure.
InP has a direct bandgap, which means it can be used to emit light efficiently and that it is
suitable for optoelectronics devices. With a relatively large bandgap (1.344 eV at 300K) it
can emit and detect light in the infrared region (~924 nm). Having a large bandgap also
makes InP fairly insensitive to noise caused by heat.
InP has very high carrier drift velocity superior to those of Si and GaAs. This is the reason
why InP is used for high frequency devices.

13

III.

SAMPLE DESCRIPTION
1. Device material

In this work we study self-assembled semiconductor InP nanowires grown by MOVPE. Gold
particles were used as seed particles initiating the nanowire growth. The nanowire material is
n-type InP doped with Sn (tin) and the substrate material is p-type InP doped with Zn (zinc).
The nanowires have intrinsic segments between the substrate and n-type InP segment (Fig.
III-1).

Figure III-1: Schematic description InP nanowire samples

The doping concentration of the n-type nanowire is about 1019 cm-3. The doping
concentration of the p-type substrate is almost 5·1018 cm-3 and the concentration in the
intrinsic region is about 1015 cm-3. The length of the intrinsic region is the difference between
the length of nanowires and the length of the top n-segment. Even though the substrate and
the nanowire material is InP, there might be a difference in the crystal structure. The substrate
has Zincblende structure whereas the nanowires most likely have a polytype mixture of
Wurtzite and Zincblende structure (Fig. III-2). The nanowires are grown in the <111>
direction and they grow perpendicular from the substrate surface. The n-InP nanowire array
grown on p-InP substrate is covered by a SiO2 isolative layer which is transparent to
incoming infrared light. The thickness of the SiO2 layer along the nanowires array is almost
uniform and is determined to be around 200 nm. The quality of the SiO2 was checked
14

experimentally by means of measuring leakage currents in those parts of the samples where
SiO2 was not back-etched and it appeared to display excellent insulating properties.
SiO2 is back-etched from the upper region of the nanowires and Indium Tin Oxide (ITO) is
deposited along the nanowire array. ITO is a solid composition of Indium Oxide (In 2O3) and
Tin Oxide (SnO2) which typically contains 90% In2O3 and 10% SnO2. ITO is a light
transparent and conductive oxide. The purpose of ITO is to connect the top of the nanowires
in a parallel circuit to obtain a resulting photocurrent for the whole device.

Figure III-2: Zinc blende and Wurtzite crystalline structure

2. Device description
The studied samples consist of a few devices which are etched out of the whole nanowire
array grown on the InP substrate and each device has a dimension of 1mm x 1mm. The
nanowire samples were mounted on a DIL14 chip carrier. Every single 1mm2 device has a
rectangular gold pad which is used as a contact for bonding gold wires connecting the device
and the DIL14 chip carrier (Fig. III-3). These chip carriers are used in current-voltage (IV)
and photocurrent (PC) measurements.
Further in this document every single device will be referred to as a ‘photodetector’.
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Figure III-3: The sample with InP nanowires mounted on DIL14 carrier

In this work we have studied 4 photodetector samples with different density of n-InP
nanowires on p-InP substrate. In order to obtain more data for the analysis, a few
photodetectors on each sample were studied. The samples and photodetector specification are
given below.
Table 1: List of Nanowire samples

Samples

C01

C03

Part

1

1

1
C05

2

1
C07
2

Etching

Fully
etched
Partially
etched

NW

Top

length

Segment

(µm)

(µm)

2.5

1

Density
(NWs/µm-2)

0.69

0.6

0.25

2.6

A/H,F,D
2.5

1

0.5

Fully

Fully

etched), L(not
etched),M,N

etched

etched

A/C,D,E,J
D/A,B(not

Not etched
Fully

Photodetector

A/B,G,I

B/E,J,H
3

1.2

0.15
C/H,F,D

etched
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IV.

EXPERIMENTAL SETUP
1. FTIR

All equipment being used during the process is discussed in this section. A Keithley 428
current amplifier and a Bruker Vertex 80V Fourier Transform Infrared Spectrometer (FT-IR)
are used for spectrally resolved photocurrent measurements. A Keithley 6430 Sub-Femtoamp
SourceMeter is used for I-V characterization. Low-temperature measurements were done
using an Oxford Optistat DN liquid nitrogen cryostat with a variable temperature from 77K to
300K.
Spectroscopy is the study of interaction of photons with matter through the processes of
absorption, emission and scattering. Spectroscopic data are often characterized by a spectrum,
a plot of the response as a function of wavelength/frequency.
By using a monochromator, it is possible to study the absorption of light at selected
wavelengths, one at a time. A more clever measurement technique is Fourier Transform
Infrared Spectroscopy (FTIR) where information at all wavelengths is reported
simultaneously, improving both speed and S/N ratio. FTIR is based on the Michelson
interferometer. A single beam coming from the source is split into two identical beams by a
beam splitter. Each of these beams will travel a different path, reflected by mirrors and
recombined before reaching the detector. One of the reflecting mirrors continuously scans
back and forth which introduce a phase difference and an interference pattern (interferogram)
when the two light beams interfere. As a result, the interferogram shows light intensity as a
function of mirror position. In order to get light output at each frequency, the Fourier
transform is applied to the interferogram data.
In summary, using the FTIR method, the studied sample is placed inside the sample
compartment, and the modulated photocurrent induced by the spectrometer’s NIR source is
recorded as an interferogram, which is then converted into a spectrally resolved photocurrent
using a Fourier transform.
The results are generally presented in wavenumbers, i.e. number of waves per unit length.
The wavenumber is directly proportional to the frequency and to the energy of the IR;
Wavelengths can be calculated from wave numbers from the following formula:
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(

)

(

)

In this experiment, we used a VERTEX 80V FTIR spectrometer, manufactured by Bruker
Optics. It can be equipped with optical components to cover multiple spectral range including
far-, mid-, near-IR and up to the visible and ultra-violet. It provides true aligned, precise
linear air bearing scanner for accurate measurements. VERTEX 80v can be controlled by
OPUS 6.5 software running on Microsoft Windows OS via Ethernet connection.

Figure IV-1: Basic structure of VERTEX 80V FTIR spectrometer [15]
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Figure IV-2: Optistat DN Variable Temperature Liquid Nitrogen Cryostat [16]

The Optistat DN is a liquid nitrogen cryostat that has been designed for optical spectroscopy
to operate in the temperature range 77K to 300K. It is designed to store the liquid nitrogen in
a reservoir which surrounds, but is thermally isolated from the central sample tube. The liquid
nitrogen is supplied to the sample heat exchanger through a capillary tube and it is controlled
by the exhaust valve at the top. In the sample heat exchanger there is a 100 ohm platinum
heater to balance the cooling power of the liquid nitrogen and to achieve the required
temperature with stability better than 0.1K. The sample is located directly below the heat
exchanger. Helium gas is used to transfer heat from the sample to the surrounding cold walls.
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The outer vacuum chamber (OVC) helps thermally isolate the cold sample space from the
surrounding room temperature. The OVC is pumped to a high vacuum before cooling down
the cryostat to maintain good thermal isolation.
The sample is inserted at the end of the sample rod and placed inside the sample tube of the
cryostat. Changing the sample is very simple without the need to break the insulating vacuum
or to warm up the cryostat. There are in total 12 pins (labeled A-L) at the top of the sample
holder that connect to 12 possible electrical contacts on the sample.
Table 2: Optistat DN Specification [16]

Sample holder dimensions

20 mm wide x 50 mm long

Temperature range

77-500 K

Temperature stability

± 0.1 K (measured over 10 minute period)

Cool down time from ambient to 77 K

20 minutes

Liquid nitrogen capacity

1.2 litres

Hold time at 77 K

≥ 15 hours

Sample change time

1 hour

Cryostat weight

5 kg

In this experiment we are using Glan-Thompson Polarizers from Thorlabs, which is the
widest field of view (FOV) calcite polarizer while still maintaining a high extinction ratio.
According to the specification, the polarizer consists of two cemented prisms made from the
highest optical-grade calcite and operates in 350 nm to 2.3 µm spectral range, which is good
for NIR light.
The polarizer splits unpolarized light at the intersection of the two crystals into s-polarized (eray) and p-polarized (o-ray). It allows e-ray to continue and limit o-ray by reflecting it to a
different angle.
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Figure IV-3: Glan-Thompson Polarizer [17]

Specifications [17]:
•

Material: Laser-Quality Natural Calcite (Low Scatter)

•

Wide Field of View: 40° typ.

•

Extinction Ratio: 100,000:1

•

Spectral Range: 350 nm – 2.3 µm

•

Clear Aperture: 10 mm x 10 mm

•

Wave front Distortion: ≤λ/4 Over Clear Aperture

•

Surface Quality: 20-10 Scratch-Dig

2. KEITHLEY 428 Current Amplifier
The Keithley 428 Current Amplifier converts small currents to voltage with a large
bandwidth. According to the datasheet, it uses a sophisticated “feed-back current” circuit to
achieve both fast rise times and sub-picoamp noise. The gain of the system is adjustable from
103 V/A to 1011 V/A.
The Keithley 428 is connected to the sample to amplify small photocurrents, whereas the
output voltage is then supplied to the FTIR and computer to carry out the Fourier transform.

3. KEITHLEY 6430 Sub-Femtoamp SourceMeter
The Keithley 6430 Sub-Femtoamp Remote SourceMeter combines voltage and current
measurement functions with extremely high sensitivity (femto-amp) and low noise compared
to other electrometers. It contains a sensitive remote PreAmp component that directly
amplifies the input signal from the sample and output to the controlling device. This setup
significantly helps reducing the effects of cable noise that can affect the final result.
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The Keithley 6430 Source Meter is being controlled by PC using the Lab Tracer 2.0 software.
The program provides a fast and easy way to make I-V measurements. The main setup
settings are shown below, including forward/reverse biases value, number of measured points
and sweep delay time. After measurement, IV curves can be shown, and data points can be
saved for further analysis or plots using 3rd party software.

Figure IV-4: Lab Tracer setup

4. Measurement steps
It is important to hold the sample at a stable position for accurate results, thus for each
sample, I-V & spectral photocurrent should be measured in the same set of experiment:


At 300K, adjust the sample to get the highest possible current under 0V bias.



Decrease the temperature to 78K by filling in liquid nitrogen.



Run Lab Tracer v2.0 software and measure with/without NIR (close/open the flap
instead of turning on/off the light source for higher stability). Measurement is done
for every 10K step, from 78K to 300K.



Concurrently run OPUS 6.5 software and save spectral photocurrent as data point at
every 20K step from 78K to 300K.
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V.

RESULTS & DISCUSSION

We have studied the electrical and optical properties of 4 samples C01, C03, C05, and C07.
Photocurrent spectra and IV characteristics are measured from 78K up to 300K, in every 10K
step. IV data sets with and without illumination were taken.

1. Electrical Characteristics
i. Standard diode characteristics
Some standard diode characteristics are discussed in this section to give a brief review and
later being used to compare with our samples.


Temperature dependence of the energy gap: Eg =1.421-4.9·10-4·T2/ (T+327), where T is

temperature in Kelvin (0 < T < 800). When T increases, Eg decreases, therefore less forward

voltage is required to obtain the same diode current.


The ideal diode equation: I = Is (eqV/kT-1). However for InP p-n junctions which have

low ni (1.3x107 cm-3), generation or recombination of carriers in the depletion region also take
place. These effects are included in the formula by the ideality factor :

(
( )
Thus

⁄

(

)

(

⁄

)

)

can be determined by measuring the slope of ln (I)-V graph.

When the ideal diffusion current dominates, η equals 1; whereas when the recombination
current dominates, η equals 2. When both currents are comparable, η has a value of between
1 and 2. Appling a forward bias VF > 0 between p and n-regions, the current will increase
exponentially. At large forward bias, the current will increase at a slower rate due to series
resistance and high level injection.
 Breakdown effects
When a high electric field is applied in reverse direction, breakdown effects eventually occur.
Two dominant breakdown mechanisms occur: tunneling (Zener) and avalanche. Charge
carriers can tunnel through the energy bandgap, if the electric field is very high (doping
concentration for p- and n- regions must be very high ~5x1017cm-3). For lower electric fields,
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charge carriers can create new electron-hole pairs during drift by breaking the covalent bonds
on impact with host atoms in the crystal lattice. This process is known as avalanche
breakdown. For junctions with V BD<4Eg/q, the breakdown mechanism is tunneling, while
breakdown at VBD>6Eg/q is due to avalanche multiplication, and intermediate VBD is the
result of both [10].
ii. C03 sample
We start with the highest density sample (expected 4 NWs/µm2, measured 2.6 NWs/µm2).
This gives a total of 2.6 million NWs in one detector device. Due to calibration error, the wire
length achieved is 0.6µm and the intrinsic region is only 0.35µm.
At 0V bias, with illumination, the diode current (Id) is 1.05µA (78K) & 3.58µA (300K). As
we can see from the plot V-1, when T increases the I-V for forward bias VF slightly moves to
the left. When temperature increases, the bandgap Eg gets smaller, therefore less forward
voltage is required to obtain the same diode current.

Figure V-1: I-V with illumination
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Figure V-2: I-V without illumination

At room temperature, the current rapidly increases from 2.7pA to 10µA when VR=1.4V (can
be considered as a “weak” breakdown effect).
The figure below shows the leakage current level through the SiO2 for the sample where no
back-etching of the nanowires is done, with and without illumination at 300K. This
measurement can help to test the quality of the SiO2 insulating layer. The leakage current of
less than 10fA is constant over the range of bias applied.

Figure V-3: Non-etched B contact
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By subtracting the dark current from diode current, we can get the real photocurrent
(Iph = I1-I0). The photocurrent increases almost linearly at small reverse bias (Fig. V-4).

Figure V-4: I-V with & without illumination

Figure V-5: ln |I| vs. V with and without illumination.
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The figure above shows the natural logarithmic plots of the dark I-V curves that have
been taken at different temperatures. This graph verifies the accuracy of the measurements
since the current dip occurs at V=0.
We can calculate the ideality factor from the slope of ln |I| vs. V at forward bias.
At 300K: η ≈ 2.07, which is a reasonable value. At 78K the graph has different regions and
the ideality factor cannot be calculated with a high accuracy.
One of the characteristics that can be seen from this graph is that the dark currents at reverse
bias from -2V to -0.5V are very close for all the temperatures. This is different from all other
samples which all have strong dependence on temperature.

Figure V-6: ln|I| vs. ln|VR|

From the ln|I| versus ln|VR| presented in Figure V-6, we obtain a slope of about 4 at all
temperatures, which means that the dark current Is changes with the power of 4 of the reverse
bias VR. In an ideal diode, we expect this value to be ½ or 1/3 in an abrupt junction (Is ~ W
~√

). For a p-i-n diode, the current should be rather independent on bias.
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iii. C01 sample
C01 has a density of 0.69NWs per µm2. The nanowires have the length 2.5µm of which
1.5µm is an intrinsic region. This is significantly longer compared to C03 which is only
0.35µm.

Figure V-7: I-V with & without illumination

At 0V bias, with illumination, the short-circuit current (Id) is 0.15µA (78K) & 1.18µA (300K)
When temperature increases, the curve shifts to the left for forward bias, the diode current
and the result photocurrent increase for reverse bias, as in C03.
We also observed that the true photocurrent Iph (i.e. I1-I0) increases almost linearly with
reverse bias up to around 6V (Figure V-8).
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Figure V-8: I-V at high VR
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From the next 2 graph, the achieved ideality factor η is 2.45 at 300K. Also, the reverse
current changes with the power of 2 of reverse bias VR.

Figure V-9: ln |I| vs. V with and without illumination.

Figure V-10: ln|I| vs. ln|VR|
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iv. C05 sample
Next we study C05 sample which has the density of 0.5 nanowires per µm2. This sample has
the length 2.5µm of which 1.5µm is intrinsic region, exactly the same as C01.

Figure V-11: I-V with & without illumination

Figure V-12: I-V Non-etched part of the sample C05.

At 0V bias, with illumination, the short-circuit current (Id) is 0.16µA (78K) & 0.97µA
(300K). When temperature increases, the curve shifts to the left for forward bias and to the
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right for reverse bias, as in C01 & C03. Non-etched part of the sample C05 has a negligible
constant leakage current about 10fA over the range of bias applied (Figure V-12).
We also observe that the photocurrent Iph (i.e. I1-I0) increases almost linearly with reverse
bias up to around 2.5V as for C05-I contact (Figure V-13).

Figure V-13: I-V with & without illumination

Figure V-14: I-V at high VR
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Figure V-15: I-V at high VR (different scale)
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From the next 2 graphs, we deduce an ideality factor of 3.1 at 300K. The reverse current
increases with the power of 2.3 of the reverse bias VR.

Figure V-16: ln|I| vs V

Figure V-17: ln |I| vs. ln |VR|
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v. C07 sample
Sample C07 has lowest surface density of 0.15 nanowires per µm2. The length of the
nanowires is 3µm of which 1.8µm is an intrinsic region, longest in all 4 samples.

Figure V-18: I-V with & without illumination

At 0V bias, with illumination, the short-circuit current (Id) is 0.05µA (78K) & 0.26µA
(300K).
The photocurrent Iph increases almost linearly with reverse bias up to around 5V (Figure V-19
and Figure V-20).
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Figure V-19: I-V at high VR

Figure V-20: I-V at high VR (different scale)
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From the next 2 graphs, the deduced ideality factor η amounts to about 2 at 300K. The
reverse current increases with the power of 2.1 of the reverse bias VR.

Figure V-21: ln|I| vs V

Figure V-22: ln|I| vs. ln|VR|
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vi. All samples

Figure V-23: Photocurrent vs. Nanowire density

The graph above shows the short-circuit current with illumination at 78K & 300K,
respectively. We conclude that the photocurrent scales with the number of nanowires, which
indicates that the photocurrent primarily comes from the substrate. The length of the intrinsic
region varies significantly between the 4 different samples with different surface density.
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2. Optical Characteristics
i. Spectrally resolved measurements
The spectrally resolved FTIR measurements were carried out by means of a VERTEX 80v
spectrometer controlled by the OPUS 6.5 software. The light from the NIR source of the
spectrometer has a broad spectrum which also includes the visible region. Spectrally resolved
measurements for all the InP nanowire samples have been done in a range 7000-25000 cm-1.
The relation between the energy in eV and the wavenumber in cm-1 is given by the formula:
(

)

(

)

The intensity of the incident light from the NIR light source could be varied by changing the
diameter of the aperture from 0.5 mm to 8 mm. We have done all the measurements with the
biggest opening 8mm. The scanning frequency of the mirrors in the spectrometer was set to 5
kHz and the number of scans was 500. The used gain for the current amplifier was 106 for
samples C01, C03, C05 sample and 107 for C07.
The InP nanowire p-i-n photodetector is not sensitive to wavelengths which correspond to
photon energies which are lower than the bandgap energy unless there are energy states due
to impurities in the bandgap. Normally, the contribution to the photocurrent from impurities
is much lower than band-to-band signals.
In order to study the photocurrent dependence on temperature, we use a cryostat cooled with
liquid nitrogen. All spectrally resolved measurements were done from 77K (-196ºC) to 300K
(27ºC) in steps of 20K.
Below we present the spectrally resolved photocurrent data for all 4 samples at temperatures
78K, 160K, 240K and 300K.
ii. Band structure of Wurtzite and Zincblende InP
The fact that the p-InP substrate has Zincblende (cubic) structure and the nanowires have a
mixed polytype Wurtzite/Zincblende structure should be taken in consideration when
discussing the optical properties of the samples. The samples were not investigated by TEM
and, thus, the exact details on e.g. length of the different Wurtzite/Zincblende segments are
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unknown. Wurtzite InP has a higher bandgap energy than that of Zincblende InP, and this
difference is about 80meV [11]. The bandgap energy of Zincblende InP at room temperature
is 1.34 eV. If the nanowires contain both crystal types, then the bandgap is expected to be
between 1.34 eV and 1.42 eV.
The difference between Wurtzite InP and Zincblende InP is not only the bandgap energy but
the band structure as well. In Wurtzite InP the top of the valence band is split into two bands
by a crystal field. The energy separation between them is theoretically expected and reported
to be about 30-40 meV [13]. The top of the valence band in Zincblende InP is doubly
degenerate (Fig. V-24).
Moreover, the valence band of Zincblende InP has a split-off band at ESO (Fig. V-24). The
value of the split-off energy is 110 meV [8]. The split-off band has been observed in
photocurrent spectra recorded for photodetector samples of pure bulk Zincblende InP at 300
K as reported in [18].

Figure V-24: Band structure of Zincblende and Wurtzite InP [13]

iii. Analysis of the spectra
For every sample we observe that the photon energy at half maximum photocurrent at 300K
amounts to about 1.34 eV. These experimental data for the band gap energy matches very
well the known bandgap of 1.34 eV for Zincblende InP. The dominant photocurrent peak at
300K appears at energy of about 1.36 eV which we thus attribute to the p-InP substrate. This
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conclusion is further supported by the fact that the photocurrent scales with the number of
nanowires, rather than with the length of the intrinsic segments (i.e. the absorption volumes).
The absorption at 300K starts at lower photon energies of approximately 1.1 eV and that can
be explained by the presence of energy states in the forbidden gap, most likely related to Zn
in the substrate.
We have also studied the temperature effect on the photocurrent and all spectra clearly show
the expected increase of bandgap energy with decreasing temperature.
The second peak in the photocurrent spectra of C01, C03 and C05 occurs at a photon energy
which is 80meV higher than bandgap energy of Zincblende InP. This effect is noticeably
clear in C01 and C05 with NWs density 1 µm-2 and 0.5 µm-2. In the C01 and C05 spectra it is
clearly seen that the second peak shifts to higher energy with the temperature by the same
value as the first peak does, i.e. the difference in energy between the first and the second peak
in absorption intensity remains the same at 300K, 240K, 160K and 78K. Since the bandgap
energy of Wurtzite InP is 80meV higher than that of Zincblende, the second peak can be
related to the contribution of nanowires which contain Wurtzite segments. Since the real
crystal structure of nanowires is a mixture of Zincblende and Wurtzite, the nature behind the
second peak could be either bandgap transitions in Wurtzite InP or split-off transitions in
Zincblende InP. In the latter (less likely) case we expect the energy to be about 1.45 eV
(Zincblende bandgap energy + split-off energy). The spectra of C03 sample do not show a
pronounced second peak at higher temperatures which can be explained by the small length
of nanowires and possibly the absence of an intrinsic segment. The effect of Wurtzite band
splitting is expected to occur at an energy of about 1.46 eV (Wurtzite bandgap + energy of
Wurtzite top valence band splitting) [13]. Therefore, if both effects occur in spectra, to
distinguish them can be difficult because they overlap each over.
We can also expect a narrowing effect due to high donor/acceptor concentrations [8]. The
concentration of Zn in p-doped InP substrate is about 5x1018 cm-3 and the concentration of Sn
in n-doped InP nanowires is about is about 1019 cm-3.
The approximate value of bandgap narrowing in n-InP can be found by a formula providing
that all donors are active and the concentration n=Nd
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(

)

(

)

This formula is derived for common InP with Zincblende crystal structure, but we still can
assume that bandgap narrowing for Wurtzite highly doped n-InP to be close to that value. The
calculation for narrowing ΔEg for the donor concentration in n-InP nanowires with donor
concentration about 1019 cm-3 gives 48 meV. We can expect the bandgap of highly doped ntype InP nanowires to be several tens of meV smaller than 1.34 eV.
The effect of band narrowing in p-InP is described by the formula:
(

)

Since the substrate has Zincblende structure, we can apply that formula to the studied
samples with a higher accuracy. The value of ΔEg for p-type InP substrate which has
acceptor concentration about 5x1018 cm-3 is about 46meV.
In the spectra, there are however no clear indications of band gap narrowing in the substrate
signal. This is possibly due to the fact that some out-diffusion of zinc occurs during the
growth of the nanowires.
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iv. C01 sample
In the C01 photocurrent spectra we can observe two clearly defined peaks which correspond to
absorption at energies 1.36 eV and 1.44 eV at 300K (Fig. V-25). As mentioned above, the first
photocurrent peak is due to the substrate while the second peak most likely is related to
absorption in the Wurtzite segments in the nanowires. At lower temperatures the relative intensity
of these two peaks changes in that the second peak becomes dominant but the energy separation
between two peaks remains constant. A decreased diffusion length in the substrate might be an
explanation why the first peak decreases in amplitude at lower temperatures.

Figure V-25: Spectrally resolved photocurrent for C01.

In the spectrometer, light from the NIR source is partially polarized by the CaF2 beam
splitter. A further analysis of this effect has been made by using a Glan-Thompson polarizer
and a built-in Si photodetector. The polarizer splits unpolarized light at the intersection of the
two crystals into s-polarized (e-ray) and p-polarized (o-ray) (see Figure IV-4). Further we
used a term ‘horizontal’ for s-polarized light and a term ‘vertical’ for p-polarized light. The
signal from the built-in Si detector has been used to calibrate the ratio between vertical and
horizontal polarization of the light that hits the sample (Figure V-26).
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Figure V-26: Ratio of vertical and horizontal polarization for Si photodetector.

Figure V-27 shows spectra corrected for different photon flux due to polarization caused by
the beam splitter for vertical and horizontal polarization of the light for different sample tilts.

Figure V-27: Spectra at vertical and horizontal polarization
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v. C03 sample
In the C03 sample which has the highest density of nanowires we have observed just one
peak in the photocurrent spectra (Fig. V-28). The energy value for maximal absorption at
300K is 1.37 eV. As the temperature decreases, the photocurrent from the substrate gets
lower. The length of the nanowires in the C03 sample is very small, just 0.6 µm in
comparison with 2.5 µm and 3.0 µm for other samples. The length of the intrinsic region is
much smaller than that of the other samples. Therefore, we see only the contribution to the
photocurrent which is due to the substrate.

Figure V-28: Spectrally resolved photocurrent for C03.

vi. C05 sample
In C05 we have observed two absorption peaks similar to C01 (Fig. V-29). The energy
separation between the two peaks remains the same at lower temperatures. At 300K the first
peak was observed at energy 1.36 V and the second peak at 1.45 eV. Moreover, the
magnitude of the second peak was observed to be higher than that of the first peak at lower
temperatures (160K and 78K). As explained for C01, the decrease in diffusion length at low
temperature causes the decrease in photocurrent contribution from the substrate. Therefore,
we can assume that the contribution to the photocurrent from the nanowires increases at
lower temperatures.
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Figure V-29: Spectrally resolved photocurrent for C05.

vii. C07 sample
In the absorption spectrum of the C07 sample with the lowest density of nanowires one can
notice 3 peaks (Figure V-30). The first peak and the third peak are very prominent in
comparison to the second peak. The first peak is related to the absorption in the substrate and
the second peak is attributed to the nanowires. The intensity of the first peak is higher than
that of the second peak at 300K but the second peak dominates at lower temperatures. At
300K we observed increased absorption at 1.37 eV and 1.45 eV. The energy separation
between the first and the second peak remains about 80 meV at all temperatures. The third
peak has the same intensity at 300K and significantly dominates over the first peak at lower
temperatures. The photon energy of the third peak is about 1.60 eV at 300K. The energy
separation between the first and third peak is thus 223 meV at 300K. This third peak could be
related to the split-off band (C-band) in the Wurtzite segments of the nanowires (see Fig. V24), but it might also represent some resonance phenomena. This sample has the strongest
dependence on the temperature and polarization as well as on the angle of light incidence.
These effects in spectral shape could be because the intrinsic region in nanowires in this
sample is 1.8 µm, which is the longest from all samples, therefore the depletion region width
is higher and the absorption is increased. In order to further study the C07 sample more
investigation is needed.
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Figure V-30: Spectrally resolved photocurrent for C07.

Figure V-31 shows spectra of all the samples at 300K and 78K. The C07 spectra have a much
lower signal then others and, therefore, they are compensated for a gain of 107 of the current
amplifier whereas other spectra have a gain of 106.

Figure V-31: All spectra at 300K
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VI.

CONCLUSION

In this paper, we study the optical and electrical characteristics of p-i-n photodetectors based
on n-i InP nanowires grown on p-type InP substrate without buffer layer. The electronic
properties have been carefully observed under different temperatures from 78K to 300K, with
& without illumination and at different polarization of the incoming radiation. Totally 4
samples are investigated, whereas for each of the sample, 2 or 3 photodetectors are randomly
chosen to be measured. Samples without back-etched nanowires are also investigated to
determine the quality of the SiO2.
From the I-V curves, we conclude that all samples showed a good rectifying behavior with an
ideality factor of 2-3 at 300K. The slopes of the log(I)-V in forward direction are almost
equal, independent of temperature from 70K to 300K. This result shows that the ideality
factor varies with 1/kT, which might indicate a deviation from a classical transport model
given by the Einstein relation.
From the measured current of non-back etched samples (C03&C05), both with & without
illumination, we can clearly say that the leakage current through the SiO2 is negligible, and
doesn’t contribute to the diode dark.
All the samples show high stability at reverse bias voltage up to 2.5V. At 1V, current
amounts to ~100fA per NW with leakage current on reverse bias ~V 2.5 (except the highest
density sample C03). An increasing leakage current is observed at increasing temperature
implying a Zener-like breakdown; however, any tunneling processes should be suppressed
due to the p-i-n design of the detectors. An impact ionization mechanism is more feasible
except for the observed reverse temperature dependence. More investigations are needed on
NWs with different length & diameter to fully understand the weak breakdown mechanism.
The investigation of the corresponding optical properties of the devices has been done in
great detail and the experimentally obtained data match well the theoretical predictions. The
position of the first peak in spectrally resolved photocurrent measurements corresponds to an
interband transition in the InP substrate which is in good agreement with the expected band
gap energy of bulk InP. The nanowire contribution to the spectral photocurrent was expected
to be at higher photon energy due to mixed polytype structure of the nanowires. A
corresponding blue-shift in the spectra was expected to be at least 80 meV higher than the
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bandgap energy of Zinc blende InP. We expected a noticeable contribution of the nanowires
in those samples where the intrinsic i-region is relatively long. Spectrally resolved
photocurrent measurements of C01, C05 and C07 samples show the presence of a second
nanowire-related peak and, therefore, prove that photocurrent is both generated in the
substrate and in the nanowires. The absence of the second peak in the spectrum of the C03
samples which has the shortest i-region length can be explained by a negligible length of the
i-region. Thus, the contribution of the nanowire signal is negligible and the photocurrent is
mainly generated in the substrate. We have also observed a strong decrease in amplitude of
the first peak with the temperature which is explained by the decrease of carriers’ diffusion
length in the substrate with temperature. We have also studied the dependence of the
absorption on the angle of incidence of the radiation and polarization. These polarization
studies show a significant decrease of the substrate photocurrent when the radiation is nearly
parallel to the substrate and light interacts primarily with the nanowires.
This project was published as a regular article, Nanotechnology 23 135201, 2012.

VII.

OUTLOOK

As an interesting continuation of this project we suggest a study of the mechanism behind the
observed generic weak breakdown effect for reverse bias. To study this, one needs to make
e.g. IV measurements on samples with different diameter (footprint) of the NWs. This allows
a study of the dependence of the dark current on perimeter of the NWs unravelling if the
leakage current is due to the surface or bulk of the NWs.
For the devices studied in this project the nanowires occupy less than 1% of the whole device
area and most of the photocurrent is generated in the substrate. The contribution of NWs to
the photocurrent could be studied much better with devices exhibiting a higher NW surface
density.
We also suggest a comparative study of p-i-n devices where the NWs have a p-segment at the
bottom. The photosignal in these devices could be studied for different diameter, surface
density and length of the p-segment and intrinsic region of the wires. .
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Furthermore, one could fabricate detectors comprising large ensembles of radial core-shell
NWs where the light is absorbed in a radial intrinsic region between e.g. a n-type shell and a
p-type core.
Finally, the small footprint of NWs facilitates growth directly on cheap silicon substrates.
Monolithic integration of optically efficient NW devices on e.g. silicon substrates is a very
interesting route towards cheap detectors and solar cells.

49

VIII.

REFERENCES

[1] Karla Hillerich, “Copper as Seed Particle Material for InP Nanowires”, Lund, Sweden,
2011
[2] Johanna Trägårdh, “Optical Spectroscopy of Single Nanowires”, Lund University,
Sweden, 2008
[3] Magnus Borgström, “Epitaxial growth, processing, and characterization of semiconductor
nanostructures”, Lund, Sweden, 2003
[4] Maria E. Messing, Karla Hillerich, Jonas Johansson, Knut Deppert and Kimberly A. Dick,
“The use of gold for fabrication of nanowire structures”, Lund, Sweden
[5] C. Thelander, P. Agarwal, S. Brongersma, J. Eymery, L. F. Feiner, A. Forchel, M.
Scheffler, W. Riess, B. J. Ohlsson, U. Gösele, and L. Samuelson, “Nanowire based
one/dimentional electronics”, Materials today, October 2006, Volume 9, Number 10
[6] K. Nilsson, M. T. Borgström, M. Graczyk, M-E. Pistol, L. Samuelson, F. Capasso, M.
Magnusson, J. Leene and H. Pettersson, “Nanophotonics with nanowires”.
[7] C. Thelander, P. Agarwal, S. Brongersma, J. Eymery, L. F. Feiner, A. Forchel, M.
Scheffler, W. Riess, B. J. Ohlsson, U. Gösele, and L. Samuelson, “Nanowire-based onedimensional electronics”, Materials Today 9, 28-35 (2006)
[8] http://www.ioffe.rssi.ru/SVA/NSM/Semicond/InP/bandstr.html
[9] J.L. Moll, “Physics of Semiconductors”, McGraw-Hill, New York, 1964
[10] S.M.Sze, “Semiconductor Devices Physics and Technology, 2nd Ed”, John Wiley and
Sons, Inc, 2002
[11] Mishra, A.; Titova, L. V.; Hoang, T. B.; Jackson, H. E.; Smith, L. M.; Yarrison-Rice, J.
M.; Kim, Y.; Joyce, H. J.; Gao, Q.; Tan, H. H.; Jagadish, C.; , "Polarization and temperature
dependence of photoluminescence from zincblende and wurtzite InP nanowires" Applied
Physics Letters , vol.91, no.26, pp.263104-263104-3, Dec 2007
[12] Cesare Soci, Arthur Zhang, Xin-Yu Bao, Hongkwon Kim, Yuhwa Lo, and Deli
Wang, “Nanowire Photodetectors”, American Scientific Publishers 2010
[13] Gerben L. Tuin, Magnus T. Borgström, Johanna Trägårdh, Martin Ek, L. Reine,
Wallenberg, Lars Samuelson and Mats-Erik Pistol, “Valence Band Splitting in Wurtzite InP
Nanowires

Observed

by

Photoluminescence

and

Photoluminescence

Excitation

Spectroscopy”, Nano Res., 2011
[14] Di Liang & John E. Bowers, “Recent progress in lasers on silicon”, Nature Photonics 4,
511 - 517 (2010)
50

[15] Bruker Optics, VERTEX 80/80v FT-IR User Manual, August 2006
[16] Oxford Instruments, OptistatDNTM Product Guide, 2005
[17] Thorlabs, Glan Thompson Polarizers product information, 2009
[18] Rizwan Ahmed & Shahid Abbas, “Electrical and optical characteristics of InP nanowire
based p-i-n photodetectors”, IDE1059, Halmstad University, 2010

51

