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Abstract
Photodetectors are a kind of semiconductor devices that convert incoming light to an
electrical signal. Photodetectors have different applications in sensors and fiber optic
communication systems, and medical diagnosis etc.
In this project Fourier Transform Infrared (FTIR) Spectroscopy is used to investigate a new
version of photodiodes for near-infrared radiation that is based on self-assembled
semiconductor nanowires (NWs) which are grown directly on the substrate without any epilayer. The spectrally resolved photocurrent (at different applied biases) and IV curves (in
darkness and illumination) for different temperatures have been studied, respectively.
The thesis work also includes a comparison to a planar photodetector based on Indium Tin
Oxide (ITO) deposited directly on an InP substrate.

5

Table of Contents

CHAPTER 1: INTRODUCTION........................................................ 9
1.1

THE GOAL OF THE PROJECT : ...........................................................................................................10

CHAPTER 2 : BACKGROUND ...................................................... 12
2.2 THE INTERNAL PHOTOEFFECT...................................................................................................13
2.2.1 THE P-N PHOTODIODE .................................................................................................................. 14
2.2.2 THE P-I-N PHOTODIODE ................................................................................................................. 15
2. 3 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) ........................................................................17
2.3.1 THE FT-IR SPECTROMETER ............................................................................................................. 17

CHAPTER 3 : NANOWIRES ........................................................ 23
3.1 GROWTH OF NANOWIRES.................................................................................................................23
3.1.1 METAL ORGANIC VAPOUR PHASE EPITAXY (MOVPE) .......................................................................... 23
3.2 DESIGN OF THE SAMPLE: ..................................................................................................................25
3.2.1 NANOWIRE SAMPLE ...................................................................................................................... 25
3.2.2 INDIUM TIN OXIDE (ITO) SAMPLE .................................................................................................... 27
3.2.3 PREPARING FOR MEASUREMENT ...................................................................................................... 28

CHAPTER 4 : RESULTS .............................................................. 30
4.1 OPTICAL MEASUREMENTS ................................................................................................................30
4.2 I-V CURVES OF SAMPLES...................................................................................................................34

CONCLUSION : ....................................................................... 44
REFERENCE: .......................................................................... 45

6

Abbreviations:
NWs: Nanowires
VLS: Vapor Liquid Solid
CVD: Chemical Vapor Deposition
MOVPE: Metal Organic Vapor Phase Epitaxy
TMI: trimethylindium
TMG: trimethylgallium
TBP: tertiary butylphosphine
TBA: tertiarybutylarsine
Epi-layer: Epitaxial Layer
ITO: Indium Tin Oxide
FTIR: Fourier Transform Infrared
W: Wavenumber
Ea: Activation Energy
NIR: Near Infrared
MIR: Mid Infrared
LIR: Long Infrared
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INTRODUCTION

Chapter 1: Introduction
Semiconductor devices are electronic components based on important semiconductor
materials e.g. Silicon, Germanium and Gallium arsenide.
The main reason that causes semiconductor materials to become so useful is that their
electronic properties can be controlled by addition of impurities, known as doping. Combined
with an electric field, exposure to light and heat can further change the semiconductor
conductivity. Studying semiconductor devices took off over 125 years ago. Today we have
over 60 major devices and 100 device variations related to them. One of the major devices is
the P-N junction that is formed between P-type and N-type semiconductors. Another
important semiconductor structure is the heterojunction which is an interface formed between
two dissimilar semiconductors. Heterojunctions between GaAs and AlAs form good materials
for high speed photonic devices.[2]
One of the most important photonic device is the photodetector. In recent years
photodetectors operating in the mid- to far infrared region (3-15 µm) have been designed
based on electron and hole intersubband and interband transitions. The infrared wavelength
region can be divided into three different regions:
-Near Infrared (NIR, 770nm-3µm)
-Medium wavelength infrared (MWIR, 3-5µm)
-Long wavelength infrared (LWIR, 8-14µm)
NIR is used for optical communication; MWIR and LWIR are used for thermal imaging. The
photodetectors that we are going to investigate in this thesis are designed to work in the NIR
region.
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1.1 The goal of the project :

The purpose of this project is to analyze a new version of photodetectors based on selfassembled InP nanowires (NWs) grown on substrates without any epi-layer. The
analyses of the detectors include measurements and interpretations of temperature
dependent (78K to 300K) current-voltage (IV) characteristics and spectrally resolved
photocurrent. The NW detectors will furthermore be compared to planar detector
geometries based on indium tin oxide (ITO) deposited on InP substrates.

10

BACKGROUND

Chapter 2 : Background
Photodetectors are semiconductor devices that are able to convert optical signals (flux of
incoming photons) to electrical signals. Photodetectors have different applications e.g.
infrared sensors and systems for optical-fiber communication. Important parameters of
photodetectors are high sensitivity, high response speed and low noise. If
is the energy of
an incoming photon, an electron–hole pair can be generated each time a photon is absorbed by
the semiconductor. Under effect of an electric field, electrons and holes move across the
semiconductor, resulting in a flow of electric current.
There are two basic principles for photodetectors: thermal detectors and photon detectors. [1]
1-Thermal detectors: is based on heating the detector material by incoming radiation and
converting photon energy to heat. This kind of detector is relatively slow as a result of the
time required to change their temperature, but they can be operated at room temperature.
2-Photon detectors (photoelectric detectors): In this kind of detector incoming photons
cause the carriers to become excited to a higher energy level resulting in mobile charge
carriers. Under the effect of an electric field these carriers move and produce a measurable
electric current. These detectors are highly sensitive and have fast response.
This photoelectric effect exists in two forms: internal and external. [1]

Fig.1 Photoelectric effect (a) in a metal and (b) in an intrinsic semiconductor.
The bandgap energy and electron affinity of the material are denoted
and W is the work function.

and

, respectively

The internal photoelectric effect: photogenerated electrons and holes are excited by incoming
photons with larger energy than the band gap. The excited carriers remain within the material
and the conductivity of the semiconductor will increase.
The external photoelectric effect:
If the energy of a photon that hits the surface of a material in vacuum is sufficiently large, the
excited electron can be released into the vacuum as a free electron. Energy conservation
requires that the photon energy must be larger than the work function, W, which is the energy
difference between the vacuum level and the Fermi level of the material. [1]
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2.2 The internal photoeffect
Operation of semiconductor photodetectors are based on the internal photoeffect. The
absorption of a photon by the photoconductor results in the generation of a free electron
excited from the valence band to the conduction band, as shown in Fig. 2, leading to an
electric current.

Fig.2 Electron-hole photo generation in a semiconductor

The semiconductor photodiode detector is a p-n junction structure that is also based on the
internal photoeffect. In the depletion layer absorbed photons will generate electrons and holes
and these two carriers escape in two different directions and produce electric current. The
depletion-layer electric field in a photodiode can be increased by applying a large reverse bias
across the junction. The electrons and holes generated may obtain energy to release more
electrons and holes through this layer by impact ionization process. Devices using this
internal amplification are known as avalanche photodiodes (APDs) where optical signals will
be amplified. The drawback is a relatively large noise due to the stochastic nature of the
avalanche process.
The famous models for photodetectors that are based on the internal photoeffect are p-n
photodiodes, p-i-n photodiodes, heterostructure photodiodes, Schottky-barrier photodiodes
and array detectors. Each of these detectors has special manufacturing technology, properties,
advantages and disadvantages and, according to the application, one of them can be selected.
Incoming photons on a detector can be absorbed in band-to-band processes (intrinsic
absorption) or by defect levels in the bandgap that originate from impurities in the crystal
(extrinsic absorption). [1]
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2.2.1 The p-n Photodiode
The p-n photodiode is a semiconductor device with a reverse current that will increase under
illumination. A p-n photodiode under illumination and reverse bias is shown in Fig.3
The p-n and p-i-n photodiodes are generally faster than photoconductors. Consider a reversebiased p-n junction under illumination, when a photon is absorbed, an electron-hole pair is
generated. But only where an electric field is present can the charge carriers be transported in
a particular direction. A p-n junction can support a very high electric field only in the
depletion layer and carriers are separated by the electric field. Basically, the illuminated p-n
junction can be divided in three regions:
(1) In the middle, where the depletion region is formed, electron and hole pairs will be generated,
and will drift quickly in opposite directions, electrons to n and holes to p side.
(2) Near to the depletion region, the electron and holes have the chance to enter the depletion
region due to diffusion and contribute to the current.
(3) In the region that is placed far from the middle (the depletion region), the generated pairs will
recombine randomly and do not have any effect on the photocurrent.

Fig.3 Photons illuminating and idealized reverse-biased p-n photodiode detector. The drift and
diffusion regions are indicated by 1 and 2, respectively.

Therefore, most of the photocurrent is generated in the depletion region; this means if we
have wider depletion region, we can trap more photons and get a higher photocurrent as a
result. To increase the width of the depletion region, we can add an intrinsic layer between the
n and p doped regions.[1]
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2.2.2 The p-i-n Photodiode
A p-i-n diode is a p-n junction with an intrinsic layer sandwiched between the p and n layer.
The advantages of photodiodes with p-i-n structure are:


Increasing the width of the depletion layer of the device (where the generated carriers
can be transported by drift) increases the volume available for capturing light.



Increasing the width of the depletion layer reduces the junction capacitance and
thereby the RC time constant. On the other hand, the transit time increases with the
width of the depletion layer.



Reducing the ratio between the diffusion length and the drift length of the device
results in a greater proportion of the generated current being carried by the faster drift
process.[1]

Fig.4 The p-i-n photodiode structure.

Fig.5 Energy band diagram of p-i-n photodiode with reverse bias.
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Fig.6 shows the cross section of the p-i-n photodiode that has an antireflection coating to
increase the quantum efficiency. Fig.5 shows the energy band diagram of the p-i-n photodiode
under reverse bias condition. [2]

Fig.6 The cross-section of a p-i-n photodiode under reverse bias is shown.

2.2.3 Heterostructure Photodiodes:
Heterostructure photodiodes combines two semiconductors of different band gaps that has
advantages over the homojunction p-n junction.
Material systems of particular interest are:



As/GaAs that is used in wavelengths between 0.7 to 0.87
As/InP operates at 1.65

in the near infrared (

.

= 0.75 eV).



Te/CdTe kind of material that is highly useful in the MWIR and LWIR
part of the spectrum. This is because HgTe and CdTe have nearly the same
lattice parameter and can therefore be lattice matched at nearly all compositions.
This material provides a compositionally tunable bandgap that operates in the
wavelength range between 3 and 17 .



Quaternary materials, such as
which are useful over the range 0.92 to 1.7

/InP and

/GaSb

.
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2. 3 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR is a technique which is used to obtain an infrared spectrum of absorption, emission or
photoconductivity of a solid, liquid or gas. An FTIR spectrometer can collect spectral data in
a wide spectral range. In infrared spectroscopy, IR radiation is passed through a sample. Some
of the infrared radiation is absorbed by the sample and some of it is passed through
(transmitted). The resulting spectrum represents the molecular absorption and transmission,
creating a molecular fingerprint of the sample. Like a fingerprint no two unique molecular
structures produce the same infrared spectrum. This makes infrared spectroscopy useful for
several types of analysis.
1) To identify unknown materials.
2) To determine the quality of a sample.
3) To determine the amount of components material which use in a mixture.
In this section, we are going to explain the instrument setup which is used during our
experiments. The primary hardware of the setup contain: a Bruker Vertex 80V Fourier
transform infrared spectrometer (FT-IR), an integrated liquid nitrogen cryostat, a Keithley 428
current amplifier, and a Keithley 2602A SourceMeter. [3]
2.3.1 The FT-IR Spectrometer
The VERTEX 80V is a digital FT-IR spectrometer for demanding applications. The
spectrometer is equipped with a number of features such as AAR (Automatic Accessory
Recognition) ACR (Automatic Component Recognition) and Performance Guard that
facilitate performing spectroscopic measurements and ensure reliable measurement results.
The function AAR identifies automatically the accessory installed in the sample compartment,
performs several tests and loads automatically the corresponding experiment and the predefined measurement parameters. ACR recognizes automatically the currently installed
optical components like source, detector and beamsplitter. These components are
electronically coded so that the spectrometer software(OPUS) can recognize them.[10]
All the components of the spectrometer can be monitored to be sure that they are working in
the range of specification by the function of a so called „„Performance Guard‟‟. The vacuum
spectrometer houses built-in light sources. By evacuating the spectrometer it is possible to
prevent the influence of absorption in water vapor or Carbon Dioxide which would give
incorrect results in measuring the photocurrent. A vacuum pump is used to provide a vacuum
condition that is oil-free, which prevents oil vapor from entering the spectrometer.
The basic parts of the FTIR and their functionality is introduced below:
Interferometer: The FTIR contains an actively aligned UltraScan interferometer based on a
linear scanner. The linear scanner is supported by an air bearing which requires the
connection to a compressed nitrogen line. The output of an interferometer is a signal that
contains all frequencies of infrared light. The main parts of an interferometer are a
beamsplitter and two mirrors; one mirror is fixed and the other is movable. The incoming
light, after passing the beamsplitter, is divided into two beams that each will reflect back to
their respective mirrors and they will recombine in the splitter when reflected from mirrors.
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Because the distance of one beam is constant and another one constantly changing, the
different frequencies of the signal are modulated in a unique way, and the output signal from
the interferometer contains all frequencies of infrared coming from the source. This signal is
also called ‘’interferogram’’.
If the distance displacement consider as ∆x, from Fig.5, we can see that the output signal of
the interferometer is a function of distance. In the case of monochromatic input signal with
wave number 0, the output signal will be like this:
Eq.1
When I0 is the intensity of the partial beams. If we use the broad-band source instead of
monochromatic source, the output signal from the interferometer is given by:
Eq.2
The second part of Eq.2 is recognized as the cosine Fourier transform of the total
spectrum. Therefore, the sample that is placed in the beam path will react with each element
of total spectrum and, if inverse Fourier transform be used, the photocurrent of the sample as
a function of wavenumber will obtain. These calculations will be done by computer. The use
of a Michelson interferometer gives a possibility to transmit all frequencies at the same time
and get answer of all frequencies, as compared to a grating monochromator with narrow
entrance and exit slits, which transmits only one frequency at a time. [8]

Fig.7 Schematics of VERTEX-80V optical path.
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Beam Splitter:
The standard KBr beamsplitter covers a spectral range from 8000 to 350cm-1. Besides the
standard beamsplitter, there are also optional beamsplitters as shown in the table below: [9]

Beamsplitter
Mid-Infrared
KBr (standard)
KBr (broad band)
Near-Infrared
CaF2
Visible & UV
CaF2 NIR/VIS/UV
(broad band)
Far-Infrared
Multilayer (far IR)

Spectral Range (cm-1)
8,000 - 350
10,000 - 380
15,500 - 1,200
50,000 - 4,000

680 – 30

Light sources: This is the component from which the infrared light comes. The range of IR
(NIR or MIR), and also, the aperture of emitted light can be selected from the software OPUS.
The following sources are available:




VIS/NIR source (tungsten halogen lamp), installed in the spectrometer, air-cooled.
High power MIR source (globar), connected internally in the spectrometer, air-cooled.
UV source (deuterium lamp), connected externally to the spectrometer, air-cooled.

Detectors: The basic spectrometer is equipped with a DigiTect. DLaTGS detector with
integrated pre-amplifier. This detector contains an analog-to-digital-converter that converts
the analog signal from the detector directly into a digital signal. This digital signal is
transmitted to for processing data electronically. The standard detector is a pyroelectric
DLaTGS detector which covers a spectral range from 12,000 to 250cm-1, operates at room
temperature and has a sensitivity of D*>4x108 cm Hz1/2 W-1.Beside from the standard
detector, there is a large number of optional detectors that can mounted and easily exchange.
The following optional detectors are available: [9]
Detector
Mid-Infrared
DLaTGS with KBr
window
Near-Infrared

InSb
Far Infrared
DLaTGS with
window
Visible & UV
Silicon Diode

PE

Spectral Range (cm-1)

Sensitivity

Operating
temperature

12,000 - 250

D*>4x108cm

Room temperature

10,000 - 1,850

D*:>1.5x1011cm

Liquid

700 - 10

D*>4x108cm

Room temperature

25,000 - 9,000

NEP:<10-14 W

Room temperature

cooled
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In our experiments the samples we investigate act as detectors themselves and they are placed
in the sample chamber of the cryostat (discussed below) which is integrated into the sample
compartment (sample position in Fig. 7 above).
Computer & OPUS software: The output of the detector will be sent to the computer for
Fourier transform calculations and then plot the final spectrum. The computer also controls
the spectrometer via the software OPUS.

General Information of Cryostat
Optistat DN: The model of cryostat that is installed is made by Oxford Instrument. The
Optistat DN is a top loading, static exchange gas cryostat with optical access provided via four
sets of radial and one set of axial windows. The specification is mentioned as below:

Specifications
Sample space(mm)
Temperature range (K)
Temperature stability (K)
Cool down from ambient (min)
Liquid nitrogen capacity (l)
Hold time at 77K (hours)
Sample change time (min)
Cryostat weight (Kg)
Optical port
Radial Optical Access

20(diameter)
77-300
~20
1.2
≥15
5
5
5 (4radial, 1 axial)
f/1

The cryostat is placed in the sample compartment of the spectrometer using a tailor-made
adapter as shown in fig.8. There is a liquid nitrogen reservoir in the upper part of the cryostat.
By help of the capillary tube, liquid nitrogen will enter heat-exchanger. The flow of liquid
nitrogen takes place by gravity and an exhaust valve (placed on the top of the sample tube)
helps to control liquid flow. The reservoir and sample space are thermally isolated from the
surroundings by the outer vacuum chamber (OVC). This space is pumped to a high vacuum
value (10-4 mbar) before the cryostat is cooled down. The cryostat has two sets of windows
(inner and outer windows) transparent in the IR spectral range. The inner windows are sealed
by indium wires to be air-tight at low temperatures. The temperature can reach 77k with
liquid nitrogen. The temperature can be accurately controlled between 77K and 300K and
Helium gas is used inside the sample space to transfer heat from the sample to the
surrounding cold walls. [9]
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OVC evacuation and
pressure relief valve

Liquid nitrogen
reservoir exhaust

Sample place access
Electrical access 10pin connector
Sample space
execution
and pressure
relief valve

Exhaust
needle valve

Sample space

Medium
vacuum

Fig.8 Schematic diagram of Optistat DN cryostat.
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Chapter 3 : Nanowires
Nanowires are small, solid, rod shaped objects resembling strands of hair. The typical
diameter of a nanowire is 1-100nm and the length can be anything from a few nanometers up
to tens of microns. The extreme case of a wire is one dimensional (1D), called a quantum
wire. In such an object the charge carriers can only move along the length of the wire because
of energy quantization. Semiconductors generally have long Fermi wavelengths and are ideal
for studying 1D phenomena. The applications of NWs are vast, for example photodetectors,
photovoltaics, optical switches, optical interconnects transceivers, and biological and
chemical sensing. According to the application, the materials of NWs will change, for
example, we used InP NWs in this thesis for the photodetector. [5]

3.1 Growth of Nanowires
There are different methods to fabricate the NWs, but all methods can be arranged into two
groups: top-down or bottom-up. The two known methods for top-down fabrication are
lithography and electrophoresis, but these methods are not common nowadays for fabricating
semiconductor NWs. With the bottom-up mechanism, better quality and also higher density of
NWs on the substrate can be achieved. The two main strategies for the bottom-up mechanism
are vapour-phase growth and solution based growth.
Vapour Phase Growth: the materials are in vapour phase and there are usually some catalysts
at the top of the substrate. The substrate material can be the same as, or not the same as, the
materials of NWs. Our samples are grown by a vapour phase technique called Metal Organic
Vapour Phase Epitaxy (MOVPE), wherefore we discuss this technique more in detail below.
[4]

3.1.1 Metal Organic Vapour Phase Epitaxy (MOVPE)
Metal organic vapour phase epitaxy (MOVPE), has been named after the metalorganic
compounds that are used as precursors for the metallic group-III elements. The metal-organic
compounds are mixed with precursors containing a group-V element. When a supersaturated
mixture of, e.g., tri-methyl gallium, Ga(CH3)3, and arsine, AsH3, is introduced above a
heated GaAs substrate, an epitaxial film of GaAs can grow according to the following
reaction:
Ga(CH3)3 (g)+AsH3 (g) → GaAs (s) + 3CH4 (g)[7]
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QUARTZ REACTOR

Substrate
H2
N2
HALOGEN
HEATER

Exhaust
TMI

TMG

TBP

TBA

Bubblers in Temperature Stabilized baths

Fig.9 Schematic of MOVPE system.

The system contain gas lines and one quartz glass reactor. Hydrogen will be passed through
bubblers containing metalorganic precursors, and the precursor vapours are brought to the
reactor by hydrogen or nitrogen carrier gas. The flow of vapours is controlled by a computer
that uses a mass flow controller. As shown in Fig.9, the precursor container‟s temperature is
stabilized with a bath that also helps to control the pressure of the bubblers. The substrate
inside the reactor is heated by a halogen lamp. The temperature of graphite and substrate is
controlled by a thermocouple. The main processes in MOVPE growth are mass transport from
the vapour phase to the substrate surface, precursor molecule decomposition and atom
adsorption, atom diffusion on the substrate surface, and atom desorption from the substrate
surface. Invariably, one or more of these processes makes some limitation for growth.
Ordinarily, the limitation is about temperature, for example, the decomposition temperature
respectively for TMI and TBP are 325ºC and 475ºC, whereas the typical temperature for InP
NWs without catalyst is 350ºC. [7]
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3.2 Design of the Sample:
3.2.1 Nanowire sample
The nanowire photodetector that is investigated in this project is a compound of III-V
materials (InP). The sample is made of InP NWs grown on an InP substrate. NWs are directly
grown on the substrate from 40 nm gold seed particles. The InP substrate is p-type and the
NWs are n-type with an initial nominally undoped (intrinsic) region. The general design of the
sample is shown in Fig.10
40nm

1019

-InP

Au Contact

3μm

1μm

i

i

1μm

Substrate

i

-InP ( 5X

i

i

)

Fig.10 Schematic of Nanowires.

We can see that the NWs contain an initial intrinsic layer with the length around 1 μm. The
intrinsic region is followed by a highly doped n-region. The total length of the NWs will reach
about 3μm. The surface density is around 10 NWs/
. All the NWs are isolated with SiO2,
which is known as an ideal isolator. The SiO2 is used to isolate the substrate and intrinsic
regions of the NWs (see Fig. 12). Subsequently, the SiO2 is back-etched to remove the oxide
at the top of the wires. Finally all NWs are connected in parallel by a sputtered layer of
indium tin oxide (ITO).

Samples Name
Impurity (Zn) concentration
in the InP substrate
Length of Intrinsic layer
Length of NWs
Diameter of a NWs
Impurity concentration in
the InP NWs
Surface density of InP NWs
on InP substrate
Sample points
Point for Back contact

Sample 6549B
1μm
3μm
40nm
10 NWs/
J
A
25
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Back-etching of SiO2 :
Subsequently, the SiO2 on top of the NWs will be back-etched and the space between NWs
will be filled with indium tin oxide (ITO). The reason of using ITO is because it is a
transparent good conductor with many applications in optical devices. The role of ITO in this
sample is to connect the NWs in parallel as shown in Fig.12.

SiO2

Substrate

Fig. 11 Isolated NWs with SiO2 to prevent short circuits.

Fig. 12 a cross section of the InP nanowire photodetector sample with isolation and top ITO layer.
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i

Intrinsic

Fig. 13 Energy band diagram along a NW under reverse bias.

Fig.13 shows the energy band diagram of NW samples. The energy band diagram is similar to
the energy band diagram of p-i-n junctions. In our case, most of the light will probably be
absorbed by the substrate and electron-hole pair generated in substrate will diffuse to the
depletion region at the NW/substrate interface. A fraction of the light will be absorbed
directly in the depletion region of the NWs and by applying an electric field the electron-hole
generated will separate and cause the current to flow in the external circuit.
3.2.2 Indium Tin Oxide (ITO) sample
Indium tin oxide (ITO) is a material which has excellent optical and electrical properties, high
substrate adhesion and good chemical inertness. It is a transparent n-type semiconductor with
wide band gap around 3.5eV often used as transparent electrode for optoelectronic devices.
The second detector studied in this thesis is a sample with ITO directly sputtered on top of an
InP substrate. Since the InP substrate is p-type and ITO is n-type we expect to form a
heterostructure p-n diode. The general design of the sample is shown in Fig.14.
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ITO
+
_

-In P

Fig. 14 ITO sample.

3.2.3 Preparing for measurement
The first step is to heat up the cryostat while pumping the vacuum shield in order to
reactivate the sorption pump. For heating up, the pump valve must be open and the heating
voltage set on the intelligent temperature controller (ITC). This process takes a few hours (at
least two hours). Next step is cooling down the cryostat, therefore pumping valve must be
closed and heater must be off. Cryostat needs at least 30 minutes to cool down completely and
reach 77K. Liquid nitrogen will be used to cool down the cryostat. The liquid nitrogen
reservoir in the cryostat is filled and the exhaust valve is opened to allow liquid nitrogen to
flow by the force of gravity to the heat exchanger. The temperature starts to go down with the
rate of around 15 K/min. When the temperature reached to the desired temperature, the
reservoir must refill again and, exhaust valve must be fully closed and then open ¼ to ½ turn
in order to reduce the flow of liquid nitrogen. Temperature stability for this system is around
±0.1K.
Now we can say that the system is ready to use. The spectrometer settings, including
spectral range, resolution, selection of beamsplitter and light source, aperture and filters etc
are all set by the OPUS software that controls the spectrometer. The modulated photocurrent
from the sample is amplified by a current amplifier and fed into the computer for Fourier
transformation.
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Chapter 4 : Results
We have carefully measured and analyzed the electrical and optical properties of the two
detector types. All samples are tested from 78K to 300K. The IV is measured for both forward
and reverse bias and spectrally resolved optical data is taken.
.

4.1 Optical measurements
Sample: 6549B-J
Sample 6549B-J is a sample which has an average density of about 10 NWs/
. Graph 1
shows the photocurrent spectra for different temperatures at 0 V applied bias.
Obviously, the shift of band gap towards lower energy at high temperatures can be seen.
According to formula below we can see the temperature dependence of the band gap. At
higher temperature we have a lower bandgap:
Eg = 1.421 - 4.9·10-4·T2/(T+327)

Eq.1

According to graph.1 the photocurrent depends on the applied voltage and the best result was
at 0.0 voltages in comparison with 0.2V and 0.4 V in graphs 2 and graph 3. We expected to
have higher photocurrent by applying more voltages but we observed less. The band gaps are
almost 1.45eV and 1.36eV at 78K and 300K respectively which is close to reported value
[11]. The graph shows that there are two peaks for each photocurrent spectrum. The first peak
corresponds to the band gap energy and the second peak perhaps comes from the split-off
band of bulk Zinc-blende InP or from the InP NWs which have a different crystal structure
(Wurtzite). During the growth of nanowires as the surface–to-volume ratio increases, stacking
faults and twinning defects appear. These kinds of plane defects and polytypism that naturally
occur during growth have profound effects on optical and electronic properties of devices.
The III-V materials like InP can crystallize either in Zinc-blende and Wurtzite or in the form
of mix structures so-called polytypes. They have tendency to form high density of structural
defects. As the crystal structures change from Zinc-blende to Wurtzite the band gap energy
increases by about 80meV which significantly influence the optical and electrical properties.
Controlling of these structures during growth has received a lot of attention. Controlling can
be listed as diameter, temperature and super saturation. [12, 13]
The alternative explanation of the second peak is related to the band structure of InP which is
shown in Fig. 15. The InP has a direct band gap and there is energy difference between room
temperature and 78K for InP. According to Fig.15 there is energy difference of 1.34eV
between the valence band and conduction band and also there is an energy difference of
0.11eV between heavy/light hole band and split-off band. So, the 1.45eV is the total energy
between the split-off band and conduction band which can show the energy gap of the second
peak in the spectra. [11]
The dominant first peak in the spectrum corresponds to optical transitions from the
heavy/light hole band to the conduction band of InP. Most likely, the appearance of the
second peak is not related to the NWs or the crystal structure difference between NWs and
substrate. We also observed small peak before first peak around 1.36eV for low temperatures,
especially at 78K temperature. This peak may be related to optical excitation from the Zn
acceptor level in the InP to the conduction band (Zn is used for the p-type doping of the
substrate).
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Fig.15 Schematic band structure of InP

Graph 1: Photo current for different temperatures and 0V apply bias.
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Graph2: Photo current for different temperatures and 0.2V apply bias.

Graph 3: Photo current for different temperatures and 0.4V apply bias.
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Sample: ITO
Graph 4 shows the photocurrent curves for different temperatures at 0V applied bias. The
peak corresponding to a transition over the InP band gap is less prominent compared to
6549B-J. Instead, the peak at about 1.6eV is dominant at all temperatures. In comparison to
sample 6549B-J, there is also a new peak at around 2eV.
Indium Tin Oxide is essentially formed by doping of In2O3 with Sn which replaces the
atoms from the cubic structure of indium oxide. The direct optical bandgap of ITO films
is generally in a range of values from 3.5 to 4.06 eV. The high optical transmittance of these
films is a direct consequence of their wide bandgap. The band structure of ITO is assumed to
be parabolic as shown in Fig.16.
Addition of Sn dopants results in the formation of donor states just below the conduction
band. As the doping density is increased, these eventually merge with the conduction band at
a critical density. Once the material becomes degenerate, coulombic interactions shift the
conduction band downwards and the valence band upwards in fact making the bandgap
narrower from Eg to Eg'.[15]

Fig 16. Parabolic band structure of undoped In2O3 and the effect of tin doping

P- InP

n-ITO

Fig 17. Energy band diagram of InP/ITO photodiode.
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Graph 4 Photo current for different temperature for OV bias.

4.2 I-V curves of Samples
All samples are checked at different applied biases at different temperatures in darkness and
under illumination separately.
For sample 6549B-J we show IV under illumination and in darkness from -0.5 V reverse bias
to 0.5 V forward bias. Beyond -0.25 V reverse bias, there is a substantial leakage current that
increases with reverse bias. This leakage current could be due to some kind of weak Zener
breakdown effect. Graph 5 and 6 show the IV curves from 78K to 300K without and with
illumination, respectively. It can be seen from the Graph 6 that the dark current increases with
increasing temperature. According to generated photocurrent in the sample current are higher
in graph 5 with compare to graph 6.
When a photon hits the diode, it excites an electron-hole pair. Under the operation of reverse
bias, the holes move toward the cathode and electrons toward the anode and a photocurrent is
thus produced. The produced photocurrent is the sum of both the dark current (without light)
and the true photocurrent, so the dark current must be minimized to enhance the sensitivity of
the device.
The Iv charactersitics of an ideal diode is theoretically given by:

The IV charactersitics of a photodiode under illumination is:
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There are two different currents which can flow through the photodiode, one is the
photocurrent ( ) which is constant and is generated by the light absorbed by sample and the
other one is the diffusion current which exponentially depends on the bias and temperature.
These kinds of I-V curves are also known as “solar cell curves”.

I

hν

Is(eqv/KT- 1)

RL

IL

RL

Fig.18 Solar cell equivalent circuit.

Sample :6549B-J

Graph 5 I-V Curves under illumination
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Graph 6 I-V Curves in darkness.
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Graph 7 Ln(I)-V curves in Darkness and Illumination for Sample 6540B-J.

In Graph 7 we display Ln(I)-V curves in darkness and under illumination conditions for
sample 6549B-J. We can clearly see a breakdown voltage of about -0.2V. The effect of large
leakage current is also observed in the photocurrent curve. There should be no current at 0V
applied voltage for darkness IV curves. Because of the presence of the alignment laser in the
spectrometer, we nevertheless see a small photocurrent at 0V in “darkness”. From the
photocurrent data we deduce an open-circuit voltage of about 0.15V and 0.4V at 300K and
78K, respectively.
Since the diodes are not ideal diodes we need to calculate the ideality factor
Eq.4. The ideality factor is added to the ideal diode equation (Eq.3)

according to

Eq.3
Eq.4
The ideality factor has values like this:
If diffusion current dominate
=1
If recombination current dominate
=2
When both diffusion and recombination contribute 1<

<2
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Graph 8 Ln(I)-V curves in Darkness for forward bias for Sample 6540B-J.

Graph 8 shows the Ln(I)-V for forward bias in darkness .In order to calculate the ideality
factor we can use Eq.4. The ideality factors for 300K at V=0.145 V and V=0.55V are
and
, respectively.
Series resistance: There is some internal resistance inside the diodes according to Eq.5.
Eq.5

At low voltages the shunt resistance (Rshunt) dominates the device performance and causes a
large peak. It is usually not possible in practice to correct for the effects of R shunt.
At high voltages in a dark-IV curve the series resistance dominates and this causes a large
peak in the ideality factor curve at high voltages. [14]
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Graph 9 Ln(I)-Ln(V) curves in Illumination for Sample 6540B-J.

Graph 10 Ln(I)-Ln(V) curves in Darknessn for Sample 6540B-J.
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Graph 9 shows Ln I vs LnV for reverse bias at 78K and 300K under illumination. Graph 10
shows Ln I vs Ln V in darkness. The strong increase in leakage current with increasing
reverse bias may be due to a weak Zener breakdown effect, or possibly also to poor oxide
quality (pin holes). The calculated slope of the dark current at 300K (Fig. 10) at larger bias is
3.3.

Sample ITO
Graph 11 and graph 12 show I-V curves of ITO samples for different temperatures under
illumination and darkness for biases from -1V to 0.5 V. There is a very large leakage current
for reverse biases that increases with increasing temperature.

Graph 11 I-V Curves with illumination.
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Graph 12 I-V Curves without illumination.

Graph 13shows the logarithmic plots of the IV curves that have been taken with and without
illumination at different temperatures from 78K to 300K. We can see a minimum current at
0V in darkness, since we in this case eliminated the laser light. The large leakage current is
clearly reflected in the almost symmetrical IV curve in darkness. The open-circuit voltage
during illumination is about 0.15V and 0.30V at 300K and 78K, respectively.
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Graph 13 ln I-V Curves with illumination and darkness.

Graph 14 shows Ln I vs Ln V with illumination for reverse bias of ITO sample for 78K
and 300K temperature under illumination. Clearly, the photocurrent apparently increases with
reverse bias, an effect caused by the dark leakage current.
Graph 15 shows Ln I vs Ln V in darkness. The strong increase in leakage current with
increasing reverse bias may again reflect a weak Zener breakdown effect. The calculated
slope of the dark current at 300K at larger bias is 4.4.
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Graph 14 Ln I vs Ln V with illumination for reverse bias at (78K and 300K)

Graph 15 Ln I vs Ln V in darkness for reverse bias at (78K and 300K)
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CONCLUSION

Conclusion :
I have studied the electrical and optical characteristics of InP photodetectors based on NWs
which are grown directly on a p+ InP substrate and ITO/p+ InP photodetectors.
Measured I-V curves in darkness and under illumination show that the investigated samples
act as photodiodes. Both detector types have relatively large leakage currents at large reverse
bias, in particular the ITO/InP detector. The large leakage currents for the samples most likely
reflects a weak Zener breakdown effect (and possibly a poor oxide quality in the NW sample).
A further possible source of leakage in the ITO/InP sample is the complex heterostructure
interface between ITO and InP.
Clearly, the photocurrent spectra for both detector types show shifts in the onset energy of the
photocurrent with increasing temperature due to the temperature dependence of the band gap
of InP.
The photocurrent spectrum of the NW sample shows two clear peaks around 1.3eV, one peak
corresponds to the band gap of InP, while the second peak most likely stems from optical
excitation from the split-off band to the conduction band of InP.
These two peaks were less clearly resolved in the ITO sample. A peak at about 2eV is
prominent in the ITO sample. The origin of this peak is at present not fully understood.
The photocurrent of the ITO sample is slightly larger than for the NW sample (0.22
ITO sample and around 0.15 for NW sample) at 300K.

.
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