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Motivation
The goal of this project was to test a new type of nanowire-based photodetector. The
well-known semiconductor material indium phosphide (InP) is sensitive to near-infrared
radiation, which makes this material excellent for e.g. optical communication systems and
solar cells. The last mentioned application has a particular relevance for environmental
sustainability. Nowadays, renewable energy sources have become more desirable, not only
because of their financial benefits and energy independence but also due to their positive
impact on the environment. The need for improvement of solar panels involves the dynamic
development of modern technologies. Nanotechnology enables the use of properties, which
are not possible to utilize in the macro world around us. The possibility to learn more about
the fascinating field of nanotechnology, while dealing with interesting materials and ideas
for realizing new devices for green energy production was the inspiration for this project.
Abstract
In this project, a new type of InP solar cell was investigated. The main idea is that
light is converted to electrical current in p-i-n photodiodes formed in thin InP semiconductor
nanowires epitaxially grown on an InP substrate. Two different types of samples were
investigated. In the first sample type (series C03), the substrate was used as a common ptype electrode, whereas a short p-segment was included in all nanowires for the second
sample type (B07).
Current – voltage (I-V) characteristics with and without illumination were measured,
as well as spectrally resolved photocurrents with and without bias. The main conclusion is
that the p-i-n devices showed good rectifying behavior with an onset in photocurrent that
agrees with the corresponding energy band gap of InP. An interesting observation was that
in series B07 (with included p-segments) the photocurrent was determined by the band gap
of hexagonal Wurtzite crystal structure, whereas series C03 (without p-segments) displayed
a photocurrent dominated by the InP substrate which has a Zincblende crystal structure. We
found that the overall short-circuit current was ten as large for the latter sample, stressing
the importance of the substrate as a source of photocurrent.
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1.

Introduction
The vacuum tube can be considered one of the first electronic devices, and was

originally used in cable radio. This technology was further developed during World War II, to
provide the possibility of rapid communication between the headquarters and fields of
battle. After 1945, further research was carried out in order to create smaller electronic
devices, which could replace the large and unwieldy vacuum tubes. The invention of the
transistor in 1948-49 by J. Bardeen, W.H. Brattain and W.B. Shockley opened a new chapter
in electronics’ history. The main features of transistors are low supply voltage, durability and
reliability, which led to the use of them as main components in electronic devices. Later on,
a technique of mass production of integrated circuits was developed and this allowed for
smaller physical dimensions of electronic devices, as well as increased efficiency. The desire
to increase the performance of devices based on semiconductors, required a deeper
knowledge about properties of materials at microscale and later at nanoscale level. In 1960
Richard Feynman gave a famous speech entitled “There is plenty of room at the bottom”,
which was the announcement of the development of nanotechnology [1]. The subject of
nanotechnology is discussed further in section III. Firstly, elemental band structure theory
needs to be explained in order to understand the working principle of photonic devices,
which are the main subject of this project.
Electrons can occupy discrete energy states in the atom, which due to interactions with
other atoms in a crystal lattice create energy bands. A simple band model, which includes
valence and conduction bands as shown in Fig.1 below, can be used to explain the basic
functionality of many semiconductor devices.
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Fig. 1 Schematic band diagram for a) metals, b) semiconductors, c) insulators.

According to the band diagram model, we can divide materials into three groups:
a) Metals- also called conductors may have a partially filled conduction band or an overlap
with the valence band. Because of that, they have excellent conductance even at low
temperature.
b) Semiconductors - this type of material has a forbidden band gap between valence and
conduction band. In this case, the conductance strongly depends on temperature. At 0K,
there are no electrons in the conduction band, but all of them are in the valence band. While
the temperature increases, some electrons gain thermal energy and can occupy free energy
states in the conduction band. What is more, the band gap decreases with increase in the
temperature. This relation is shown below:

Eg(T)= Eg(0) - (αT2/T+β)
Where α and β are the material constants.
c) Insulators – as shown in Fig. 1, in dielectrics the band gap is considerably larger than in
semiconductors. The reason is that the electrons in the valence band create strong bonds
between contiguous atoms. Even if an external electric field is applied, electrons cannot be
raised to the conduction band.
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Conductivity and resistivity values of selected materials can be seen in Fig.2 below.

Fig. 2 The values of conductivity for selected materials.

The band structure of some semiconductors makes them irreplaceable in optoelectronics.
The band gap is large enough to prevent electrons from moving easily between the bands.
Moreover, photons with an energy corresponding to the band gap interact with the
semiconductor crystal leading to important processes e.g. absorption, spontaneous and
stimulated emission.
Absorption is a process in which a valence electron takes up energy from an incident photon.
The energy of a photon is given by the formula below:

E=
There are two conditions that need to be fulfilled for efficient absorption to take place –
the energy of an incident photon should be equal or larger than the band gap of a
semiconductor and band gap should be direct. Then, an electron- hole pair is generated and
the current flow may flow if an electric field is present. Additional energy from the photon is
converted into heat. The simple scheme of absorption can be seen in Fig. 3 below.
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Fig. 3 Optical absorption process in a semiconductor.

The other optical phenomena, which can be observed in semiconductors, are spontaneous
and stimulated emission. The first one may appear in a short time after the absorption due
to the instability of excited atoms. In this case, the electron from the conduction band
transits to the valence band and produces a photon with the energy equal to the band gap.
Stimulated emission occurs when already excited semiconductors interact with incident
photons with an energy corresponding to the band gap. Then, an electron in conduction
band may recombine with a hole in valence band producing a second photon, which is in
phase with the incident photon. For efficient stimulated emission, inverted population is
required. It means that it is necessary to have a larger electron density in upper state than in
a lower. Both spontaneous and stimulated emission processes are schematically shown
below for a simplified two-level system.
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Fig. 4 a) Spontaneous emission, b) stimulated emission processes.

Despite the fact that silicon (Si) is the most common material used in electronics, it is not the
best material for photonic devices. The reason is that Si has indirect band gap, which means
the electron needs to change its momentum during transition between the valence and
conduction band. Optoelectronic equipment demands high electron – hole generation
efficiency, hence direct semiconductors e.g. GaAs are preferred.

Fig. 5 Energy band diagram for Si and GaAs.

As seen in Fig. 5 a), silicon’s minimum energy in the conduction band does not correspond to
maximum energy in the valence band (momentum mismatch). Fig.5b) shows a perfect match
in momentum between minimum and maximum energy in conduction and valence band,
respectively, for GaAs.
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Besides the fact that the semiconductor needs to have a direct band gap, it must also be
sensitive to the required wavelength. III-V semiconductors are the optimal choice as there is
a wide range of wavelengths, which can be chosen just by a modification of the composition
of semiconductor compounds. [2]

Fig. 6 Lattice constants and band gap energies of ternary and quaternary compounds formed by using III-V
semiconductors.

The above figure shows what kind of semiconductors can be mixed to obtain sensitivity for
requested wavelengths. It is mandatory to keep roughly the same lattice constant value (to
move along horizontal lines) to avoid cracks [4]. Such specially combined III-V
semiconductors can be used as light sources as well as photodetectors. Those devices are
often p-n junctions or p-i-n junctions with an additional intrinsic part between the doped
areas. In the next section, p-n photodiodes will be carefully discussed.
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The current-voltage characteristic for an ideal p-n junction operated as a photodetector is
given by:

I = Is (e^qV/ηkT) - Isc,
where Is is the saturation current, q the unit charge, V – the applied voltage, I – the current,
k – the Boltzmann’s constant, T – the temperature, η – the ideality factor, Isc is the shortcircuit current. The ideality factor determines which process dominates in a current flow. If η
is equal to 1, then diffusion current dominates, if η=2, recombination current is the main
process.
The depletion region is devoid of free charge carriers and exhibits a built-in electric field
that opposes electrons (holes) to flow from n- to p-side (from p- to n-side). While the
junction is illuminated with a certain wavelength, absorption occurs. If electron-hole pairs
are created in the depletion region, the built-in electric field separates and accelerates
carriers to appropriate sides. The resulting current is proportional to the intensity of
absorbed light. To increase the efficiency of p-n photodiodes, the depletion region should be
extended. This can be done by applying a reverse bias to the junction. Alternatively, an extra
intrinsic, undoped segment can be added between the p- and n-side. Then, the high electric
field is kept all over the wide intrinsic region, as seen in Fig.7. This kind of device is called a
p-i-n photodiode. [2]

Fig. 7 A p–i–n photodiode together with the electric-field distribution under reverse bias.

One of the most promising applications of p-i-n photodiodes is their implementation in solar
panels.
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2.

Types of solar cells

To consider and compare different types of solar cells, it is crucial to introduce basic features
characterizing them.
As mentioned before, if a p-n junction would be illuminated with light of wavelength shorter
(with higher energy) than the wavelength corresponding to the energy band gap of material,
the generation of free carriers takes place. The built-in internal electric field in the depletion
region

will

separate

the

charge

carriers

in opposite

directions

creating additional photocurrent. Fig. 8 shows the current-voltage characteristics of solar cell
in darkness and under illumination, respectively. These data are in agreement with the ideal
diode equation above. The current which corresponds to zero voltage is called short-circuit
current Isc. Correspondingly, the open-circuit voltage Voc marks the point of zero current (i.e.
an open circuit).

Fig. 8 I-V characteristic for solar cell in the dark and under illumination.
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The efficiency of solar cells depend on the values of Isc and Voc. Photovoltaic conversion
efficiency is the ratio of the maximum power produced in the cell to the incident power of
radiation:

η=ImpVmp/Pin

Where:
-Imp and Vmp are current and voltage corresponding to maximum power that can be achieved
-Pin is the power of light that hits the surface
Assuming that the maximum power is expressed by the so-called filling factor (FF):

FF= ImpVmp/IscVoc
Hence:

η=IscVocFF/Pin

The other feature that can describe materials used as a solar cell is the absorption
coefficient. It determines how deep the light of a particular wavelength can penetrate into a
material before it is absorbed. [2]
The most commonly known division of solar cells is based on their group number in the
periodic table of elements, from which the absorber is made:
From IV group:
1. Monocrystalline silicon cells. They are made from monolithic silicon. Their efficiency is 1822%. The price of such solar cells is quite high.
2. Polycrystalline cells can achieve the efficiency 14-18%. The price of such cells is lower than
mono-crystal type. The largest polycrystalline silicon disadvantage is a low absorption
coefficient.
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3. Amorphous silicon cells. The efficiency of such devices is 6-10% and their price is lower.
The life span of these cells is shorter than single-crystal types. They are made by deposition
of thin silicon film onto a surface of another material such as steel.
A special type of Si cell is the PERL cell (Passivated - emmiter rear locally diffused cell). In this
device, inverted pyramids on top of the cell are used. The reason is to reduce the amount of
reflected light. What is more, on the other side of the cell there is an oxide layer separating
rear contact from Si. This is done to obtain a better reflection (compared to Al). The
efficiency of this solar cell can achieve 25%. [2], [5], [6]
Silicon is still one of the cheapest and well-known materials used in solar panels, but there is
a need to increase the efficiency of those devices.

From III and V group:
1. GaAs, InP, AlInP, GaInP, AlGaInP
These types of materials are used mostly in tandem solar cells. The aim is to reduce one of
the largest sources of losses by increasing sensitivity for different wavelengths. Such types of
cells can obtain 30% efficiency. [2]

Other groups:
1. CIS and CIGS thin-film cells
CuInSe2 and CuInxGa1-xSe are characterized by their high absorption factor, which is 105 cm-1.
This allows us to make thinner layers, which saves material and energy.
The buffer layer in CIS/CIGS thin-film photovoltaic cells type is n-type CdS , which together
with n-CdS/p-CIS or n-CdS/p-CIGS creates a heterojunction structure. The advantage of
this connection is that the transparent material has a larger energy bad gap and the
radiation is absorbed in the material with smaller energy band gap.
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The efficiency that can be achieved in this type of solar cells is about 20% in laboratory
setting.
2. CdTe cells
CdTe is a material with a high absorption coefficient (105cm-1). CdTe layers with a thickness
of 2 microns absorbs over 90% of incident photons with the energy greater than Eg. Due to
the high value of the absorption coefficient and small values of the diffusion path,
the contacts must be placed near to the upper surface of the cell. Like in the CIGS cells, ntype CdS is mostly used as a buffer layer, which together with the absorber layer creates a nCdS/p-CdTe heterostructure with energy band gap Eg = 2.4 eV. The efficiency of such solar
cell is 16%.[7], [8], [9], [10], [11]
In order to increase the effectiveness of photodiodes, scientists start to implement
nanotechnology into those devices.
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3.

Nanotechnology

Nanotechnology is a general term for designing, creating and using materials, which have at
least one dimension at nanoscale level, i.e. 1-100nm range. In addition to the small size,
nanodevices should also have unique properties emerging from the small size. If one of the
dimensions is reduced to nanometers, in general it results in a change of band structure. A
discrete energy structure replaces the classical continuous, an effect called quantum box
effect. When electrons are forced to move in such small structures, they behave as waves.
Mathematically, this structures can be described by Schrödinger equation. Solving
Schrödinger’s equation for above mentioned problem, one can obtain allowed wavelengths,
which are quantized and are equal to (for 1D box):
n

,

where n is an integer, L is the dimension of the box. The wave functions describing a particle
in a potential well are given by:
ψn=( )1/2*sin(

,

where corresponding energy of the states is equal to:
En=n2h2/8mL2.
Allowed energy states create discrete series as mentioned above. It needs to be mentioned
that in a macroscopic crystal, L is large and hence, the distance between the energy levels is
small. Therefore, the energy structure becomes continuous with formations of bands.
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Fig. 9 Wave functions for selected n. [12]

The material reduction to nanoscale thus leads to decreased band dispersion in comparison
to infinite crystals. Disturbance of electron wave functions occurs and consequently, one can
notice that the energy states in nanostructures are more similar to those in molecules, than
in solids.
Nanostructures can be divided into three groups depending on how many
dimensions are smaller than 100nm. Nanolayers are structures, which are limited in one
dimension. Objects limited in two dimensions are nanotubes and nanowires. Nanoparticles,
nanopores, quantum dots and fullerenes (also called buckyballs) are examples of structures
limited in all three dimensions. All of these structures have found applications in many areas
of industry, e.g. food industry, medicine, civil engineering, electronics. [13] For the need of
this project, devices containing nanowires were used.
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The main division of techniques used to manufacture nanostructures is:
A) Bottom – up
B) Top – down
The first one means that the nanostructure is built from single particles or atoms, from the
‘bottom’. The second term explains the process of obtaining nanostructures from a
macroscopic crystal using advanced “cutting” tools.

4.

Bottom –up methods

Deposition from gas phase
These methods can be divided into Physical (PVD) and Chemical (CVD) Vapour Deposition.
In PVD, lasers, microwaves or electron beams are mostly used to physically vaporize material
to be deposited as thin film. The vapour is transported into low-pressure chamber, where
after the temperature decreases, atoms lose kinetic energy, form clusters and condensate
on the colder target. Introducing some inert gas into a chamber takes some energy from the
atoms to cool them down more efficiently. The only difference between PVD and CVD
methods is that in the latter one the products are made from chemical reaction N2, H2, SiCl4
+ H2.
In PVD and CVD the deposition rate of thin layers depends on:
-type of gas used in chamber
-pressure
-temperature
-distance from substrate and surface of walls

Fig. 10 Schematic diagram of CVD susceptor.
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MOVPE and MBE
In MOVPE (metaloorganic vapour phase epitaxy), which is also called MOCVD (metaloorganic
CVD), elements of the final structure are introduced into the reactor in a gas form of
chemical compounds. The chemical compounds flow over the heated wafer, then
decompose and react with each other creating the desired thin layer on the substrate. Gas
reaction residues are moved away from reactor. MOVPE is a popular way to obtain III-V
semiconductor nanolayers/nanowires.

Fig. 11 Schematic diagram of MOVPE reactor.

Molecular beam epitaxy (MBE) is a technique, which uses ultra high vacuum conditions
(UHV) and effusion (Knudsen) cells. Those cells contain high purity elements in solid state (in
standard device). Effusion cells need to be heated until the element sublimates. Hence, atom
beams are created that are directed towards the target wafer where a thin layer is formed.
The final layer thickness can reach 0.3nm. Additionally, RHEED (reflection high-energy
electron diffraction) and Auger measurement devices are mounted often as a part of the
equipment.
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Fig. 12. Scheme of MBE reaction chamber.

In MBE, the effusion cells can be quickly opened and closed, which gives high precision of
thickness and of structure composition. The main disadvantage of MOVPE is the fact that
residual adsorption occurs on reactor walls and pipes. Hence, interphase boundaries are not
so sharp, as in MBE. However, MOVPE is faster, so it is preferable in industrial use.
Electrodeposition
In this method, nanolayers/nanoparticles are obtained by the chemical reaction between
cathode and anode placed in an electrolyte, where an external voltage is applied. The main
disadvantage of such a method is that it has limited dimensions of particles. However, it is
relatively cheap and efficient. To scale down particles, denser current is used in shorter time.
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5.

Top-down methods

Milling
A coarse material is placed between two rotating grinding rolls made from tungsten carbide
or steel. The rotating rolls cause fragmentation and create new grain boundaries in powder
particles. This process can be used also to obtain nanostructural alloys. Milling is preferable
in industry due to the possibility of large scale production. [2], [13]
Lithography
In general, the first stage of lithography is based on spinning the photoresist onto a
substrate. Then, using UV light, electrons or ions to expose the sample one can create
patterns from photomasks. The resist material is often a polymer, halide compound or metal
oxide with solubility that depends on radiation dose. In a positive resist, breaking polymer
(or other material) chains occur in illuminated places. Conversely, in a negative resist,
crosslinking takes place. Etching is used after this process to remove remaining
photosensitive material. Nowadays, industrially used lithography methods can achieve 32nm
linewidth.

Fig. 13 Schematic optical lithographic pattern transfer process.
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Etching
The main division of etching techniques is:
A) Wet etching
B) Dry etching
In the first process, one uses liquid chemicals (etchants) to remove material from the wafer.
A chemical reaction between the etchant and unprotected surface takes place, dissolving
the desired material. Typically, many wet etching processes are isotropic, which means that
all directions are removed uniformly. It results e.g. in undercutting of the material just below
protecting mask, causing a loss in resolution of the etched pattern.

In contrast to wet etching, dry etching processes use high kinetic energy beams or etchant
gases to create patterns on the wafers. Physical dry etching can use photon, electron or ion
beams to evaporate substrate material. It is directional process resulting in avoidance of the
undercutting. One can use also chemical dry etching or a mixture of these two processes
called RIE – reactive ion beam etching. Since this technique uses both chemical and physical
etching, it is faster than the single process. [2], [13], [14]
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6.

Specification of samples

The nanowire - based InP photodetectors studied in this project, were made by MOVPE
described briefly earlier. This method should be discussed more precisely.
InP was used as a substrate. On its surface, gold aerosol particles were deposited (Fig.14a)
with density equal to 4 particles/μm2. This value further specifies the nanowire surface
density. After gold deposition, a sample was placed into the MOVPE reactor and then
heated. As described earlier, this technique relies on bringing reactants in gaseous form.
A neutral carrier gas, like H2 or N2, is necessary to obtain a required flow. In order to obtain
III - V semiconductors there is need to insert metalorganic compounds. For InP,
trimethylindium (TMIn) or triethylindium (TEIn) as well as phosphine (PH3) compounds are
commonly used (Fig.14b). After the delivery of the components, in certain temperature
range In and P elements form a supersaturated alloy under the catalyst gold particles leading
to rapid growth of nanowires (Fig.14c).

Fig. 14 Scheme showing growth of nanowires using gold particles. [15]

In this technique, the growth rate can be controlled by the temperature and the amount of
precursor gases. By adding other gases, like diethylzinc and hydrogen selenide, it was
possible to form doped axial segments along the nanowires. In this way, p-i-n diodes were
created in form of nanowires. It is significant to mention that the p-segment had Zincblende
structure; the n-segment had Wurtzite structure, whereas the intrinsic region was a mixture
of two of those structures. Because of difference in crystal structure, there is 80meV
difference in energy band gaps between Zincblende and Wurtzite structures. [2], [15]
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Fig. 15 a) Zincblende and b) Wurtzite structures.[16]

Fig. 16 Detailed scheme of single p-i-n nanowire used for measurements.

After nanowires were formed, a SiO2 insulating layer was deposited and the part on the top
of nanowires was etched away (see layout in Fig. 16). In order to connect nanowires in
parallel, an ITO layer was deposited by sputtering. ITO is a combination of In2O3 and SnO2.
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The main reason of using this material is that ITO is highly conductive, as well as transparent
to light, which makes it an excellent material for optoelectronics [17]. The doping
concentrations of the B07 p-i-n structure were 1018cm-3, 1015cm-3, 1019cm-3 for p-, i- and nsegments, respectively.
All dimensions illustrated in Fig.16 are included in Table.1.

Table 1 Dimensions of single nanowire of the B07 sample.

Using scanning electron microscopy (SEM) a top image of sample B07 was recorded, which
can be seen below.

Fig.17 SEM image of B07 sample.

The image shows how densely the nanowires were grown, which makes the device more
efficient as solar cell.
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Fig.18 Optical image of BO7 detector.

Fig.18 shows an optical image of detector elements of the BO7 sample. The light blue parts
contain the light-collecting nanowires (see SEM image above). The black parts are bond pads
for electrical connections to the detector.

Fig.19 shows the corresponding scheme of the C03 sample. The main difference compared
to the BO7 sample is that there is no p-segment in the nanowires, instead the p-substrate
acts as a common p-electrode to all nanowires. Table 2 contains all dimensions included in
the Fig. 19. The doping concentrations of the samples B07 and C03 were comparable.
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Fig. 19 Detailed scheme of single p-i-n nanowire used for comparative measurements.

Table 2 Dimensions of single nanowire of the C03 sample.
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7.

Equipment

In our study, we used the following equipment for studying the nanowire detectors:
1. Bruker Vertex 80V Fourier Transform Infrared Spectrometer (FT-IR)
2. Oxford Optistat DN liquid nitrogen cryostat
3. Keithley 6430 Sub-Femtoamp SourceMeter
4. Keithley 428 current amplifier

7.1.

Bruker Vertex 80V Fourier Transform Infrared Spectrometer (FT-IR)

Fourier Transform Infrared Spectrometry is a technique, which can be used for various
applications like material identification, quality controlling, photoconductivity, quantitative
element analysis and spectral sensitivity. The basic working principle deals with photon
interactions with materials like absorption and emission, which were described earlier. A
beam sent from the source is split into two beams using a beam splitter. After the reflections
in mirrors, beams get together, pass a sample and reach a detector. The point is that one of
the mirrors moves back and forth, while the others are fixed. This change in position of the
moving mirror results in a phase shift, which can be recorded in form of an interferogram,
which is the modulated light intensity versus mirror location. By using well-known Fourier
transform the intereferogram can be transformed into a spectrally resolved set of data e.g.
transmission or photocurrent versus wavelength.
The Bruker Vertex 80V FT-IR is a high-end spectrometer that contains e.g. Automatic
Accessory Recognition (responsible for identification of sample elements inside the sample
compartment), Automatic Component Recognition (responsible for identification of optical
elements like source or beam splitter) and Performance Guard (its purpose is to facilitate
diagnostics and maintenance). All these features makes the spectrometer very user-friendly
and facilitate reliable measurements. The spectrometer can be used in a large range of
wavelengths. Besides commonly used NIR (near infrared), FIR (far infrared), MIR (mid
infrared) as well as visible and UV (ultraviolet) ranges can be used. The data collected during
the measurements is converted by the OPUS software. [18]
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Our measurements record photocurrent as a function of wavenumber, which is defined as:

Wavenumber [1/cm] =

Fig. 20 Scheme of Bruker Vertex 80V Fourier Transform Infrared Spectrometer. [18]

The above figure shows the scheme of the optical path in the Bruker Vertex 80V used in the
measurements.
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7.2.

Oxford Optistat DN-V liquid nitrogen cryostat

A cryostat is a device, which maintains a constant, low temperature using a cooling agent,
e.g. liquid nitrogen or helium. In the Oxford Optistat DN-V cryostat, liquid nitrogen is stored
in a container and provides cooling to the sample tube via a heat exchanger. What is more,
the container and sample tube are thermally isolated from the ambient room temperature
by the outer vacuum shield. It is crucial that a high vacuum condition is fulfilled before
cooling down. To obtain good heat transfer to the sample inside the sample tube, it is
needed to inject a small amount of helium transfer gas into the sample tube. In order to
provide requested constant temperature, a 100 Ω platinum temperature sensor and a
heater are situated in the cryostat. In the figure below, we show the schematics of the
cryostat.

Fig. 21 Heating- cooling operation setup. [19]
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Fig. 22 Layout and dimensions of Optistat DN-V. [19]

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

Table 3 Specification of Optistat DN-V. [19]
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According to the specification table, the Oxford Optistat DN-V liquid nitrogen cryostat is able
to provide 77K for at least 15 hours with filled nitrogen container. [19], [20] One of the main
advantages of Optistat DN-V is that the sample can be easily removed/exchanged without
destroying applied conditions. Additionally, the sample holder has 12 contacts so many
samples can be mounted at the same time and characterized without the need of
exchanging samples.
7.3.

Keithley 6430 Sub-Femtoamp SourceMeter

In this project, the Keithley 6430 Sub-Femtoamp SourceMeter was used to apply a voltage
and record the current (I-V characteristics). This device is extremely sensitive, characterized
by low-noise and high speed (10-15A, 4x10-16A, 2000 recordings/second, respectively). The
main reason of such good features is that the device includes a Remote PreAmp, which
offers a very sensitive bi-directional amplifier with sensitive feedback elements for
measuring or sourcing currents to the device being tested. [21] LabTracer 2.0 was used as
software in order to collect I-V data.
A front view of this instrument is shown below.

Fig. 23 The front panel of Keithley 6430 Sub-Femtoamp SourceMeter. [21]
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7.4.

Keithley 428 current amplifier

This instrument was used to amplify and convert small photocurrent generated in the
samples to output voltage that can simply be saved as an interferogram and converted to a
spectrally resolved photocurrent.

Fig. 24 The front panel of Keithley 428 current amplifier. [22]
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8.

Experimental details

In this project, I-V characteristics and spectrally resolved photocurrents were measured in a
range between 77K and 300K for the B07 sample. Additionally, corresponding
measurements were made for the C03 sample in order to compare the electro-optical
behaviour. The main difference between the samples is a lack of p+ segment in the
nanowires for the C03 sample. Also, the nanowire segments had slightly different lengths for
the two sample series (see Section 6 for details). It is significant to mention that the densities
of nanowires are comparable in both samples. Moreover, the doping concentrations were
comparable. Four sets of measurements were made:

1. I-V characteristics with illumination from -2V to 1V, every 10K, from 300K to 80K. It
was necessary to extend the voltage range at lower temperatures to obtain Voc
values.
2. I-V characteristics in darkness for the same voltage range, as in measurements with
illumination. The temperature step was 10K.
3. Photocurrent versus wavelength dependence at 0V bias. The wavelength range was
from 1.42μm (wavenumber equal to 7000/cm) to 0.4μm (wavenumber equal to
25000/cm). Spectra were recorded in temperature steps of 40K.
4. Photocurrent versus wavelength dependence at -0.7V reverse bias. Same wavelength
range as above. The temperature step was 80K.
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9.

Results and Discussion

9.1.

B07 sample I-V characteristics

Fig. 25 I-V characteristics for different T in darkness for B07 sample.

As seen in Fig.25 and Fig.26, for the same voltage value, higher current can be observed with
increase in temperature. This effect is caused by increasing saturation current, and also
decreasing energy band gap, with rising temperature.
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Fig. 26 I-V characteristics under illumination for different temperatures for B07 sample.

For better interpretation, the same data as in Fig.25 and Fig.26 were plotted in Fig.27, now
in a natural logarithmic scale. After this procedure, differences between the illumination and
the darkness data are more clearly seen. For the measurements made in darkness, a clear
current dip is observed at 0V, which means that the measurements were done accurately.
From the data acquired under illumination one can clearly observe open-circuit voltages
larger than 0V, which is expected for solar cell samples. Additionally, Voc values increase with
decrease in the temperature. This relation is shown in Fig.28. As observed, Voc depends
linearly on temperature and can be written in form of equation below:
Voc(T) = -0,0017T + 1,142
For an ideal case, the open-circuit voltage extrapolated to 0K should be close to the band
gap. The band gap for InP at 300K is equal to 1,45eV (WZ structure) and 1,35eV for ZB
structure. [23] The value we observe of about 1.14V is thus slightly smaller than expected,
indicating deviations from the ideal case.
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The calculated ideality factor at 300K was 1,43, so there is a tradeoff between a diffusion
and recombination current.
It was also observed that there is complicated behavior of the I-V for forward biases in
darkness. The symmetrical behavior for smaller biases is probably due to some parasitic
resistive component.

Fig. 27 Ln |I| - voltage dependence for different temperatures for B07 samples.
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Fig. 28 Voc values versus temperature for B07 samples.

9.2.

Spectrally resolved photocurrent for the B07 sample.

Fig. 29 Photocurrent - photon energy dependence for different temperatures at 0V bias for B07 sample.
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Fig. 30 Ln (photocurrent) - photon energy dependence for different temperatures at 0V bias for B07 sample.

Fig.29 and Fig.30 show that the main photocurrent at 300K starts to increase from incident
photon energy approximately equal to 1,4eV, which is due to the energy band gap (WZ
crystal structure). As expected, at lower temperatures the energy band gap increases, hence
individual diagrams shift to higher energy with decreasing temperature. Additionally, the
photocurrent intensity decreases slightly with decrease in temperature. Maximum
absorption is observed at the energy of about 1,8eV of the incident photons. It should be
noted that neither of the spectra are corrected for variations in the flux with respect to
wavelength of incoming photons. Small dips observed at 2eV correspond to the internal
laser in the FT-IR spectrometer used to determine the moving mirror position.
Comparing Figs. 29-32 it is concluded that an applied reverse bias of -0.7 V has little effect on
the photocurrent. Hence, additional bias creates negligible change in depletion region in
comparison to the length of the intrinsic part of the nanowire, as expected.
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Fig. 31 Photocurrent - photon energy dependence for different temperatures at -0.7V for B07 sample.

Fig. 32 Ln (photocurrent) - photon energy dependence for different temperatures at -0.7V bias for B07 sample.
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9.3.

C03 sample I-V characteristics.

The I-V characteristics for the CO3 sample are similar to the B07 sample. For the same value
of voltage, a higher current can be observed for higher temperature for C03, both in
darkness and under illumination (Fig.33 and Fig.34).
Moreover,

Voc

increases

with

decrease

in

temperature,

as

seen

in

Fig.35.

The calculated ideality factor at 300K was 2,05, so recombination currents dominate
the transport properties.
It is also interesting to note that there are no parasitic effects observed in the forward I-V
characteristics for CO3.

Fig. 33 I-V characteristics for different temperatures in darkness for the C03 sample.
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Fig. 34 I-V characteristics for different temperatures under illumination for the C03 sample.

Fig. 35 Ln (I) - V dependence for different temperatures for the C03 sample.
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9.4.

Spectrally resolved photocurrent for the C03 sample.

As seen in Fig.36 and Fig.37 the photocurrent starts to increase from 1,3eV, which
corresponds to the energy band gap of the InP (Zincblende) substrate. It can be also
observed that for lower temperatures the spectra shift to higher photon energy consistent
with an increased band gap. Moreover, the photocurrent decreases strongly with decreasing
temperature.

Fig. 36 Photocurrent - photon energy dependence for different temperatures at 0V bias for the C03 sample.
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Fig. 37 Ln (photocurrent) - photon energy dependence for different temperatures at 0V bias for the C03 sample.
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9.5.

Comparison of B07 and C03 samples I-V characteristics.

From Fig.38 and Fig.39 one can observe a higher current for C03 samples for the same
voltage under illumination, which means that more electron – hole pairs are collected.

Fig. 38 Ln (current) - voltage characteristics at 300K for the B07 and C03 samples with and without illumination.

~ 46 ~

Fig. 39 Ln (current) - voltage dependence at 80K for the B07 and C03 samples with and without illumination.

The generated power of the detectors and calculated filling factors, at 300K are presented in
the table below:

B07

Voc [V]

0,6 C03

Voc [V]

0,44
5,2

Isc [μA]

0,41

Isc [μA]

Voc*Isc [μW]

0,25

Voc*Isc [μW]

Vm [V]

0,43

Vm [V]

0,325

Im [μA]

0,3

Im [μA]

4,1

Vm*Im [μW]
FF

0,12
0,5

Vm*Im [μW]

1,34

FF

0,59

Table 4 Comparison of generated powers and filling factors for the B07 and C03 samples.
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2,27

9.6.

Comparison of spectrally resolved photocurrents for the B07 and C03 samples.

Significant differences in the photocurrent – photon energy dependence are shown in Fig.40
and Fig.41. First of all, the maximum photocurrent occurs for different values of energy. For
the B07 sample, the maximum photocurrent is at 1,81eV, whereas it amounts to 1.38eV for
the C03 sample. We mention here that neither of the spectra have been corrected for the
wavelength dependence of the photon flux. The second important difference is that the
photocurrent for the C03 sample is larger by a factor of 10 than for B07, in agreement with
previous plots of the I-V characteristics under illumination. In Fig. 40 the onset of the
photocurrent for CO3 agrees with the band gap of the InP substrate. We thus conclude that
most of the photocurrent is generated in the substrate for CO3 and that the nanowires
effectively collect the photogenerated carriers. The strong temperature dependence of the
photocurrent reflects the temperature dependence of the transport of carriers in the
substrate to the nanowires. On the other hand, the onset and shape of the B07 plot implies
that the photocurrent is generated directly in the nanowires.

Fig. 40 Comparison of photocurrent - photon energy dependences for the B07 and C03 samples at 300K.
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Fig. 41 Photocurrent - photon energy dependence at 300K for the B07 (red) and C03 (blue) samples.
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10.

Conclusions
Two types of indium phosphide (InP) solar cells, made by MOVPE, were investigated

in this project. In one of them (C03) the substrate was used as a p-type electrode, whereas a
p+ segment was added in all nanowires for the second sample type (B07).
Current – voltage characteristics were measured in darkness and with incident light
for both samples. In case of the B07 sample, the open-circuit voltage versus temperature
plot showed a linear dependence. From this diagram, we extrapolate a value of 1,14V at 0K.
This value is smaller than the expected value corresponding to the band gap. In the C03
sample we obtained higher current values in comparison to B07 under illumination.
Calculated ideality factors were 1.43 and 2 for B07 and C03, respectively, at 300K.
Maximum values of the photocurrent were found at 1,81eV and 1,38eV for the B07
and C03 samples, respectively. The photocurrent obtained for the C03 sample was typically
ten times larger than for B07. We observed no significant changes of the photocurrent with
applied reverse bias for B07 sample. From the spectrally resolved photocurrent data we also
conclude that the presence of a p+-segment in the nanowires significantly influences the
generation of photocurrent.

Whereas the photocurrent is primarily generated in the

substrate for CO3, direct excitation of the nanowires is the primary source of photocurrent
in BO7.
From collected data, one can conclude that nanowire-based InP solar cells without
additional p+ segment in nanowires seems better for solar panels. The C03 sample
generated about 10 times more power than the B07 sample (1.3μW and 0.12μW,
respectively) and and its filling factor (0.59 and 0.5, respectively) is closer to unity, which
means that the current-voltage characteristic is more rectangular than in sample with
additional p+ segment in the nanowires.
Outlook
In order to obtain a more reliable comparison, more systematic studies of the
influence of nanowire diameter, segment length, etc. on detector performance should be
carried out. In future studies one should take into account the wavelength dependence of
the photon flux to obtain correct spectral sensitivity of the detectors. Also, other p-n
structures, e.g. radial core-shell structures should be examined.
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One advantage with nanowires is that they can be grown on virtually any substrates.
In future, it would therefore be important to test samples where InP nanowires are
deposited on cheaper substrates like silicon. Such an approach opens up the possibility to
combine highly efficient generation of photocurrent in III-V nanowires with cheap silicon
substrates.
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