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Chapter 1: Introduction to Photovoltaics
1.1. Solar Photovoltaics
1.1.1 Photovoltaic technology:
Conversion of solar energy into electricity by photovoltaics (PV) was first discovered
in 1839 by A.E. Becquerel but it took more than 100 years until in 1954 first silicon
based solar cell for power generation was unveiled. Still the then the research and
development this field was slow until in 1970’s when world oil crises directed many
countries to focus on R&D in photovoltaics and it took again about 20 years to setup
first grid connected PV power generation system [1]. PV is the technology that have
changed our thinking about energy, many threats associated with other energy
production methods such as nuclear fission, burning fossils etc can be completely
avoided also PV can generate electricity for variety of uses, measures, environments
and geographic locations. A rural person who is living miles away from electricity
grid can have electrical power at home from PV and can enhance his work efficiency
and can have additional income and can counteract harsh weather conditions by
electrical appliances. Also in some scenarios where a long and difficult road has to
build to supply power lines can be made easy by PV terrestrial applications [2]. We
can do conventional tasks with PV as well as it opens new windows of opportunities
e.g. we can produce electricity in outer space for space shuttles or satellites also it is
pollution free, sustainable and equitable [2].
The average solar power density outside the earth atmosphere is about 1.37KW/m2
and the total energy reaching in year is about 5.46x1024 Joules or 5460000 EJ. While
the net energy demand on earth is about 500EJ which will rise to 600EJ by 2020, so if
we can harness only ~0.01% of annual solar energy reaching earth then whole energy
demand of the world can be met. But all the energy that comes to earth’s atmosphere
does not reach surface some is reflected back and some is absorbed by clouds and
molecules in air, still if we only get 10% of this energy as utilizable then even then
only 0.1% of this can be sufficient [3].
According to British Petroleum’s statistical review of world energy total reserve fossil
fuels energy is about 36600 EJ which is again a meager proportion (~1.4%) of total
energy that reaches earth annually [4, 5]. So there is a strong potential for solar energy
1

to replace the conventional fuels. Solar energy can provide heating, cooling, lighting,
electricity, or fuel for number of appliances. Global solar power generation capacity
has increased beyond 100GW and is increasing continuously [6].
Table 1.1: Advantages and disadvantages of PV [2]
Advantages

Disadvantages

Unlimited fuel source

Relatively low energy-density source

No waste, emission and pollution issues
Operational Cost is very low

Installation cost is high

No mechanical machinery involved
Modules life span of more than 20 years Poorer reliability of supporting elements
Possibility of building integration
Modular
Speedy installation Can be installed near Deficiency of cost-effective energy
end user
storage systems
Admirable Safety record
Equitable
Before going into details of the subject it is necessary to define few key terms that will
be often used in the thesis.
1.1.2 Photovoltaics (PV)
“PV is a technology of extracting electrical energy by converting solar irradiation
directly into electrical current” PV is a technology of producing direct current
electrical power by use of semiconducting materials that show photovoltaic response
effect when illuminated and are termed as solar cells and some of them are in
continuous operation far more than 30 years in space.
Brief Physics of Photovoltaics Solar cells are made of semiconductor materials having
weekly bonded electron in valence band and when it is supplied with enough energy
to overcome the band gap then electrons jump to conduction band where they can
conduct electric current in the material. This energy gap or band gap (in eV) which
has to be overcome is supplied by photons in light.
1.1.3 Photogeneration:
Electron hole pair generation as a result of incident light on absorber layer solar cell
is known as photogeneration [7]. Absorber materials in thin film solar cells are p-type
2

semiconductors with the Fermi level (Ef) lying more close to valence band compared
with conduction band [8]. Band gap is defined as the energy difference between
conduction band minimum and valence band maximum. is the lowest value of energy
required by an electron in valence band to jump in conduction band to start conduction.
Now when the photon having energy greater or equal the band gap hit the atom, its
energy is absorbed by the electrons in valence band resulting in upgradation of
electrons in higher energy state (conduction band) and leaving behind a electron
deficiency (or hole) in valence band. The extra energy possessed by the photon (EphEg) is wasted as electron and hole quickly settle back to their respective band edges
and this phenomenon is known as thermalization [9] and results in heating of the p-n
junction as represented in figure 1.1.

Figure 1.1 Photon semiconductor interaction. (a) transmission, (b) Absorption via
Electron hole pair generation, (c) Absorption and thermalization.

The absorption of photons at every point in whole device yields the number of
electrons generated which is known as generation rate. During the working of
photovoltaics device the generation phenomena is an important parameter. Absorption
coefficient (α in cm-1) and the total thickness dictates the amount of light being
absorbed by any materials if reflection losses are neglected. Lambert beer Bouguer
law helps in calculating the light intensity at any depth in the device[10]: the governing
equation involving the above defined parameters I given below:
 ܫൌ ܫ ሺ݁ ିఈ௫ ሻ
In above equation α is absorption coefficient and x is depth in film from top of surface
and Io is the light intensity on top surface. Now from this equation we can approximate
the concentration of charge carriers generated at any depth in absorber layer.
3

Assuming the light loss with depth is consumed in the production of electron hole-pair
then the change in light intensity can give information about the number of charge
carriers generated. Change in light intensity is simply the first order derivative of
above equation.

 ܥൌ ߙܰ ݁ ିఈ௫
C is change in light intensity or charge carrier generation and No is photon flux at the
surface. As the absorption coefficient varies with the wavelength so the charge carrier
generation in depth will vary with wavelength which actually happens in solar cells
under sun light (combination of different wavelengths).
1.1.4 Electron hole pair recombination
Occurrence of electron in conduction band is thermodynamically a metastable state so
eventually it will go back to valence band. In order to do that it must go back to vacant
position in valence band resulting in annihilation of hole know as recombination as
elaborated in figure 1.2. There are three kinds of recombination:
(i)

Radiative recombination [11, 12]

(ii)

Auger recombination [13, 14]

(iii)

Shockley Reed Hall (SRH) recombination [15, 16]

Figure 1.2 Types of electron hole pair recombination (a) radiative recombination (b) SRH
recombination (c) Auger recombination.

Radiative recombination is the phenomenon mainly responsible for working of LEDs
is it more common in direct band gap materials and it involves direct recombination
4

of electron in conduction band with hole in valence band with release of photon. In
Auger process of recombination the excess energy is given to additional electron
present in the conduction band which will thermalize back to conduction band edge.
This type of recombination is popular in heavily doped semiconductors having high
concentration of charge carriers. SRH recombination occurs in materials having some
defects, resulting in introduction of some addition energy states. When electro is
trapped in this forbidden energy state (by release of photon or phonons) then it
combines with hole in valence band with emission of additional photon and phonons.
1.1.5 Charge carrier separation and transportation:
There are two main driving forces for the charge carrier separation and transportation
these are:
(i)

Diffusion

(ii)

Drift

Diffusion is due to random motion of charge carriers in the lattice which results in the
uniformity of charge carriers in the material also brings the charge carriers to edges of
active region causing entrapment by electrical field and directional flow [17]. In
absence of electrical field the carriers move in random direction but under
superimposed electrical field it results in a net directional flow known as drift of
carriers [18, 19]. Net movement of electrons is opposite to that of electrical filed and
for holes it is in the direction of field.
Absorber layer is in contact with n-type window or n-type buffer layer so the Fermi
levels of all the layers will get aligned due to thermal equilibrium keeping the band
offsets (ΔEv and ΔEc) same as they had before contact. Steps involved in band
alignment in p-n heterojunction are explained in figure 1.3.
Now the photogenrated electrons in the conduction band of p-type material migrate to
conduction band of n-type material as under illumination energy barrier has been
decreased. If it is two component system ie absorber/window then the electron from
the conduction band of window n-type semiconducting materials is collected by front
contact materials. For three component system such as absorber / buffer / window
there will be two hetrojunctions. Thin buffer layer have intermediate band gap smaller
than window layer but wider than absorber layer such that when Fermi levels align
position of its conduction band level provides potential energy barrier for current flow
thus increases the shunt resistance to avoid reverse flow.
5

Figure 1.3 Steps involved in band alignment of p-n heterojunction.

1.2. Performance attributes of Solar cells
Previous sections successfully explains the working principle of solar cell, there are
some factors that affect either photogeneration, electron hole pair separation or charge
transportation such as:
1.2.1 Characteristic Resistance
At the maximum power output point of photovoltaic cell, the resistance to output
power is known as characteristic resistance as explained in figure 1.4. Now if the
applied power load has the similar resistance value as of characteristic resistance then
the load will receive maximum power from the cell and will operate at its maximum
power point.

6

Figure 1.4. Characteristic resistance of solar cell.

1.2.2 Parasitic Resistances
It is well known fact that the power is dissipated due to the resistive effects in any
electrical appliance same is the case with solar cells in which device efficiency
decreases drastically due to unwanted resistive effects. Two common of such
unwanted resistances are shunt and series resistances and their behavior in device can
be better elaborated with the help of equivalent circuit of a photovoltaic cell as in
figure 1.5. One of the major effect of these series and shunt resistances on solar cells
is adversely affecting the fill factor value. It is the geometry or configuration of solar
cell at working point of device which dictates the extent and nature of the impact of
series and shunt resistance. As mentioned earlier these resistances can affect fill factor
seriously, ideally for a solar cell series resistance should be close to 0 ohm and shunt
resistance should approach to infinity.

Figure 1.5 Solar cell equivalent circuit diagram.
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1.2.3 Temperature
Like every other electronic device the solar cells are extremely sensitive to working
temperatures. With the increase in temperature the average energy of atoms increases
which results in decrease in the barrier for electron to jump from valence band to
conduction band hence the band gap decreases thereby affecting almost every
important parameter of solar cell. As the open circuit voltage is dependent upon the
band-gap so decrease in band gap will result in decrease in open circuit voltage and
hence the power output and also the shape of IV curve will change resultin in decrease
in fill factor also. As device efficiency is dependent on all these parameters so the
efficiency decreases and is elaborated in figure 1.6 as well. It is recommended to
operate, test and evaluate solar cell at 25 degree Celcius.

Figure 1.6 Temperature effect on solar cell characteristic parameters.

1.2.4 Light Intensity
Solar cells work under light i.e. by conversion of solar energy to electrical power, thus
change in light intensity means change in the energy carried by photons thus the output
power changes with the effect on all governing parameters including open circuit
voltage, short circuit current density, fill factor of the graph and the parasitic
resistances. It has been studied by You et. al that increase in illumination intensity
results in enhancement in both short circuit current and open circuit voltage as given
in figure 1.7. During solar cell testing the light intensity is measured in number of
suns, where 1 sun illumination is equal to standard irradiance at AM1.5 e.g. 100
mW/cm2. In real scenarios, the solar cells or solar panels are exposed to varying
illumination values from 0 to 100 mW/cm2. Shunt resistance play and important role
8

at low intensity values that mean a photovoltaic cell having a higher value of shunt
resistance will retain a larger portion of its power compared with the device with lower
shunt values.

.
Figure 1.7 Variation of open circuit voltage (VOC) (a), short circuit current (JSC) (b) of the
solar cell device under different light intensity from 1.2 to 100 mW cm−2. [20]

1.2.5 Ideality factors
Solar cells are basically p-n junction diodes so they should follow ideal diode equation,
measure of their resemblance with ideal diode equation is known as ideality factor.
While in the calculation of simple diode equation several assumptions are made about
the junction. But in real practice there are several affects that do not necessary to
follow the ideal diode equation, but we may get an idea about the nature of such effects
from the ideal diode equation. It gives the trend of current through a diode as a function
of applied voltage. The ideal diode equation is given below:


 ܫൌ ܫ ሺ݁ ் െ ͳሻ
Where:
 = ܫcurrent passing from the diode;
ܫ = "current under dark conditions", it is the diode leakage current under dark or
without light;
V = terminal voltage across the the diode;
q = absolute value of electron charge;
k = Boltzmann's constant; and
T = absolute temperature (K).

9

1.3. Solar Cell Efficiency and related parameters
1.3.1 External Quantum Efficiency
The "quantum efficiency" (Q.E.) are incident photon to electron conversion efficiency
(IPCE) is the measure of the number of electron hole pairs collected by the
photovoltaic cell to the number of incident photons of a certain energy on that
particular PV cell. The incident photon to electron conversion efficiency may be
plotted either against wavelength (nm) or as energy (eV). Unity quantum efficiency or
IPCE of 100% mean that all the incident photons of particular energy or wavelength
are successfully generated electron hole pairs and those are collected as well. It is
obvious that for all the photons having energy below the gap the quantum efficiency
or incident photon to electron conversion efficiency will be zero because at that energy
values no excitation will take place so no electron hole pair will generate.
For an ideal solar cell the quantum efficiency should generate a square shaped graph
as shown in figure 1.8 but the recombination losses drastically effect the shape and
height of the plot. Quantum efficiency will be also affected by all those parameters
that affect collection probability as lower the collection lower will be the number
collected at terminals thus lower IPCE. The carriers generated near the front surface
are greatly affected by front surface passivation, and blue light having high energy
value is absorbed in the top surface so it is the most affected part of light resulting in
lower IPCE values in its energy range. Also as the IPCE is also dependent upon
collection probability so far, the green light for which most of the part is being
absorbed in the bulk of the device, if the diffusion lengths are small the recombination
will reduce the number of carriers reaching terminals thus the calculated value of IPCE
will be much lower in green portion. The incident photon to electron conversion
efficiency can be taken as the collection probability of the generated carriers for a
energy, integrated over the whole device thickness and regularized to the incident
number of photons.

10

Figure 1.8 External quantum efficiency plots of two solar cells.[21]

Some portion of the light which gets reflected is also taken as part of incident light in
calculations for external quantum efficiency (EQE). If we measure the reflected light
and subtract that from incident light flux, then the ratio of number of electron hole
pairs generated to absorber photons is known as internal quantum efficiency and in
some cases, is of more interest. In internal efficiency values the reflection losses are
neglected so the efficiency plot of EQE is corrected accordingly.
1.3.2 IV Curve
Solar cell response as a conventional diode under dark while under illumination, light
generated charge adds up to the current in the profile resulting in the superimposed
graph of illumination over the dark plot. Due to the photo-generated charge carriers
the IV curve will shift to the 4th quadrant under illumination thus making it possible
to extract power from the device as explained in the figure 1.9. sometime the axis is
inverted just to make power as positive output as elaborated in figure 1.10.

11

Figure 1.9 IV curve for a solar cell under dark and under illumination. [22]

Figure 1.10 IV curve of CIGSe solar cell with inverted current axis to have positive power
output value. [23]

1.3.3 Short Circuit Current (Isc)
As explained previously that the electron hole pairs are generated under illumination
and the collection of these charge carriers result in the short circuit current. Under
ideal conditions the photo-generated current and and short circuit current are identical.
Thus we can say that the short circuit current is the maximum value of current that can
be extracted from the solar cell device. The intercept on the y-axis in IV curve gives
the value of Isc.

12

Figure 1.11. Demonstration of short circuit current (Isc).

The short-circuit current is dependent on several aspects which are described below:
x

solar cell area: In order to make solar cell’s current independent of its area it is
usual practice to divide the short circuit current with the solar cell area,
resulting in short circuit current density (Jsc in mA/cm2) instead of the the
short-circuit current;

x

Photon flux (i.e., the power of the illumination source). current from a
photovoltaic device is directly proportional to the light intensity as mentioned
in previous section of effect of light intensity;

x

incident light energy distribution. As a standard for most photovoltaic cells,
the spectrum is standardized to the AM1.5 spectrum;

x

Optical characteristics (absorption and reflection) of the PV device; and

x

Solar cell’s collection probability: which is dependent mainly on the surface
passivation and the diffusion lengths or the minority carrier lifetime in the base.

1.3.4 Open-circuit voltage (Voc)
Open circuit voltage (Voc) is the maximum emf that can be available from the solar
cell and this occurs at no load or zero output current as explained in figure 1.12. it is
the measure of the forward bias on the p-n junction due to photo-generated charge
carriers. As short circuit current reduces with increase in the ban gap while open circuit
voltage improves with the increase in the band gap.

13

Figure 1.12 Demonstration of open circuit voltage (Voc).

1.3.5 Fill Factor
Open circuit voltage and short circuit current both the extremities in potential and
current but the power output from device is zero at both these points. Fill factor is an
important parameter which defines the maximum power output from the device. It is
the ratio of the largest power that can be drawn from device to the product of both
open circuit voltage and short circuit current. In IV graph, it is the area of largest
rectangle that can be drawn inside the IV curve, as given in figure 1.13. product of
Voc and Isc is the maximum theoretical power. So it is the ration of maximum output
power to the theoretical power.

Figure 1.13. Fill factor calculation from IV curve.
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1.3.6 Power Conversion Efficiency (PCE)
Solar cells are evaluated, tested and compared on the basis of power conversion
efficiency, which is measure of the performance of the solar cell. Like efficiency of
other devices, it is measured as the ratio of power output from the solar cell device to
the power input in terms of illumination. It is also dependent upon the light intensity,
working temperature and the energy distribution spectrum of the illumination. Solar
cells are therefore tested under carefully controlled standard conditions in order to
compare the performance of devices all over the World. For terrestrials applications,
the PV modules or cells are tested under AM1.5 conditions at 25 degree Celsius. While
the solar cells designed for space applications are evaluated under AM1.0 illumination
conditions. PCE is the ratio of power output from device to the power input and is
given as:
ܲ݉ܽ ݔൌ ܸܨܨܿݏܫܿ
ߟൌ

ܸܨܨܿݏܫܿ
ܲ݅݊

The power input power for such calculations is standard 1 Sun illumination which is
equivalent to 1 kW/m2 or 100 mW/cm2.
Photovoltaic capacity “The watt peak (Wp) capacity of a PV systems is is known as
photovoltaic capacity. This defines the largest DC (direct current) output of a solar
module under standard test conditions, that is, at a solar radiation of 1,000 W/m2 and
at a temperature of 25°C.
Photovoltaic electricity generation “The real electricity production capacity of a
photovoltaic electricity system is dependent upon the both solar radiation and the
system performance, which depends on the BOS component losses. For a solar
radiation between 600 and 2,200 kWh/m2/year an average PV system can produce
between 450 and 1,650kWh of AC electricity.
Photovoltaic module and photovoltaic system “A number of solar cells form a solar
“Module” or “Panel,” which can then be combined to solar systems, ranging from a
few Watts of electricity output to multimegawatt power stations.
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Chapter 3: Synthesis and Surface
Modification of ZnO Nanorod Arrays*
3.1 Highlights
Synthesis of one dimensional (1-D) vertically aligned nanostructures of ZnO are
reported to act as scaffold for conversion to or coating of other semiconducting
compositions. Surface of ZnO is converted to ZnSe by anion exchange and results in
formation of ZnO/ZnSe core/shell nanorods. ZnSe is further converted to CuSe by
cation exchange method to fabricate ZnO/CuSe core/shell nanorods. ZnO nanorods or
core/shell compositions are decorated with absorber nanoparticles of CZTSe & CIGSe
for the fabrications of photoanodes of nanowire solar cells. 1-D or core/shell
Nanostructures are characterized by scanning electron microscope for morphological
analysis and structural confirmations are made by XRD and Raman spectroscopy.

3.2 ZnO as semiconductor
Zinc Oxide (ZnO) is a key wide-bandgap semiconductor which possesses
extraordinary optical, electrical, and optoelectronic characteristics, and is in focus of
research [61]. ZnO have direct bandgap of 3.37 eV with exciton binding energy of 60
meV and the values for electron mobility and conduction band edge are highest in
reported data[62-64]. These characteristics can result in improved electron transport,
lower recombination rate and prospect for higher open circuit voltage (VOC) values.
Oxygen deficiencies and presence interstitial Zn results in n-type nature of assynthesized ZnO [65]. ZnO has proven itself as a promising candidate for electron
transfer in less expensive and highly efficient solar cells both theoretically and
experimentally [66].

3.3 Applications of ZnO
Zinc oxide have found its applications in electronic, optoelectronic, electrochemical,
and electromechanical devices [67-72]. A lot of research is being carried out these

*

M.A. Akram, S. Javed, M. Mujahid, Synthesis and Surface Modification of ZnO Nanorods Arrays,
Advanced Materials Research, 1119 (2015) 49-53.

days on ZnO nanostructures for applications in ultraviolet (UV) lasers [73, 74], lightemitting diodes [75, 76], field emission devices [77], solar cells [66], nano-generators
and chemical sensors [78], piezoelectric nanogenerators [79-81] and nanopiezotronics [82-84].

3.4 Morphological Evolutions
Furthermore, the ease in crystallization process and anisotropic growth of the ZnO
permits the synthesis of ZnO nanostructures in several morphologies. ZnO
nanostructures can act as a platform for efficient loading of other semiconductor
materials, which can play essential roles in scattering of light, separation and
propagation of charge in solar cells. For this purpose it is essential to grow ZnO
nanostructures in controllable tailored morphologies, dimensions and crystallinity
which have significant effect on photon scattering & trapping and charge transport.
Many ZnO nanostructures have so far been reported, including nanoparticles,
nanorods, nanowires, nanobelts, nanotubes, nanorings, nanosheets, nanocombs, nails
and tetrapods some are represented in figure below [85-90].

Figure 3.1 A) Scheme of ZnO nanostructures deposited on TCO substrates including
disordered nanostructures (i and ii), 1D nanoarrays (iii and iv) and hierarchical structures
based on 1D nanoarrays (v and vi). B) Typical SEM images of the corresponding ZnO
nanostructures on TCO substrates: (i) Nanoparticles. (ii) Disordered nanorods.(iii) Array of
nanorods.(iv) Array of nanotubes (v) Array of nanoforests.(vi) Bilayer structures [85-90].
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3.5 Synthesis
various rotes have been adopted for the synthesis of ZnO nanostructures e.g., wet
chemical methods [89, 91], Physical vapor deposition [92-94], chemical vapor
deposition [95], electrochemical deposition, metal–organic chemical vapor deposition
(MOCVD) [96, 97], molecular beam epitaxy (MBE) [98], pulsed laser deposition [99],
sputtering [100], flux methods [101], electrospinning [102].
All of the above mentioned synthesis methods have some associated drawbacks such
as PVD and flux methods need higher temperatures also there are chances of
incorporation of impurities in nanostructures. Therefore they are undesirable for
integration into low temperature processed optoelectronic devices. Although MOCVD
and MBE can produce high quality nanostructure but they lack in large area uniformity
and production yield & economy also there are limited suitable substrates. Process
control and reproducibility is the issue with PLD and sputter deposition while
electrospinning yields polycrystalline fibers.
3.5.1 Solution based processing:
Solution based approaches are of considerable interest in the above mentioned list
because of lower productions costs and lower temperatures involved also they are
environment friendly. We can categorize the ZnO growth in two approaches (i)
deposition of already synthesized zinc oxide structures, (ii) direct growth of zinc oxide
structures on a substrate. Figure 3.1 represents both of these approaches i.e. panel (i)
and (ii) showing examples for deposition approach while remaining are examples for
direct growth. Zinc oxide nanostructures such as nanorods, nanoparticles, nanotubes
and nanoflowers can be prepared ex-situ and subsequently deposited on suitable
substrates for solar cell applications. Various deposition techniques such as screen
printing, spin coating, doctor blade method or spray coating are used for deposition of
ex-situ prepared zinc oxide nanostructures. These methods offer advantages such as
controlling the size and morphology of nanostructures but involves an additional
deposition step and may result in organic contamination hence effecting the
characteristics of ZnO/TCO interface. Also the random pathways, longer diffusion
lengths and grain boundaries increase the chances of charge recombination.
Direct growth methods have several associated advantages such as if one dimensional
nanostructures are grown directly on conducting substrate they offer direct
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unidirectional pathways for charge carriers reduce the grain boundary losses and
enhance diffusivity.
3.5.2 Solution processing of ZnO nanorods:
Direct growth of 1-D ZnO nanostructures is usually carried out by seed assisted
hydrothermal method. This method compared with vapor phase methods it involves
low temperature, result in better adhesion and enables growth on flexible substrates as
well. Also via proper selection of processing conditions the diameter, length and
number density of nanostructures can be tailored easily. ZnO 1-D nanostructures
grown by hydrothermal method are suitable for electronic and optoelectronic
applications as they are free from metallic catalyst and contaminations. 3.5.3 Problems
with Solution Processing
But the ZnO nanostructures prepared by solution based route at lower temperature
have some associated drawbacks such as high defect densities, lower conductivity and
impurity contents on surface from mediums used.

3.6 Remedies
3.6.1 Post-treatments
In order to counter these problems several post-treatments, e.g. plasma modiﬁcation
[103], UV irradiation [104], and annealing under different conditions, are among
possible options enabling enhanced crystallinity, improved conductivity and increased
stability of ZnO nanostructures. For example for removal of surface impurities, a post
treatment under oxygen plasma is an effective approach. While donor densities can be
increased by hydrogen plasma treatment and can be decreased under oxygen plasma.
Crystallinity, thermal stability and other structural properties are highly dependent on
annealing conditions, temperatures and atmosphere. Air annealing reduces the defect
densities and improves crystallinity but reduces hole traps as well so samples are
initially annealed in air then in hydrogen to have combined advantages of both.
3.6.2 Surface Modification or Sensitization
Although ZnO is extraordinary electron transport material but due to its wde band gap
it cannot harness visible light. Coating of appropriate relatively smaller bandgap
semiconductors on the surfaces of ZnO nanostructures is an efficient way to empower
harvesting of visible light. There can be two ways for surface modification of ZnO
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with other semiconductors: (i) deposition or attachment of separately synthesized
particle on the surface (ex-situ growth) or (ii) growth of other semiconducting
compositions directly on the ZnO surface employing the methods such as ion
exchange, SILAR, chemical bath deposition or electrochemical deposition. Direct
growth methods results in better coverage, adhesion and improved interface compared
with indirect methods.
(i)

Ex-situ growth

Quantum dots or nanoparticles of suitable bandgap semiconducting materials are
synthesized separately and are subsequently attached to ZnO with the help of
bifunctional linkers. Typical requirement for these bifunctional linkers is that they
must contain carboxylic and thiol groups, carboxylic group (-COOH) can bond
directly with ZnO while thiol group (-SH) can bond with absorber particles. Some of
the linker molecules that contain both of these groups are cysteine, mercaptoalkanoic
acid, thioglycolic acid etc. Although this approach has produced high performance
solar cells but it still lacks in uniformity and sufficient loading of absorber particles
on ZnO nanostructures.

Figure 3.2 Schematic illustration of Nanoparticle attachment on ZnO nanorods with linker
molecules.
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(ii)

In-situ growth

In-situ growth of sensitizers is often carried out by direct growth of nanoparticles on
surface of ZnO either by reaction of precursor with each other or facile reaction with
ZnO to transform its surface into 2nd phase. In-situ growth involve methods like
electrochemical deposition, ion exchange, successive ion layer adsorption and reaction
(SILAR), chemical bath deposition. As in-situ methods involves direct nucleation and
growth of nanoparticle on the surface of ZnO that is why they result in effective and
improved loading with even coverage.

Figure 3.3 Schematic representation of direct nucleation and growth of nanoparticles on
surface of ZnO.

3.7 Objectives & Methodology
Main of the work in current chapter is coating of appropriate relatively smaller
bandgap semiconductors on the surfaces of ZnO nanostructures as an efficient way to
empower harvesting of visible light. Experiments in this chapter start with synthesis
of vertically aligned 1-D nanorod arrays of ZnO. These nanorods are subsequently
modified with other semiconducting composition by two approaches i.e. direct
conversion of ZnO to ZnSe, CuSe and CuInGaSe2 by ion-exchange methods and by
decorating ZnO nanostructures with already prepared CIGSe and CZTSe nanocrystals.

3.8 Experimental Work
FTO coated glass slides were cleaned by ultrasonication in soap solution, DI water,
Acetone and Ethanol for 10 minutes each and dried with Nitrogen blow. ZnO nanorods
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aligned upward. Upon shell conversion to ZnSe the integrity of nanorods is maintained
(Figure 3.4c), this results in ZnO/ZnSe core/shell nanostructure which have potential
application in solar cell in form of window/buffer core/shell nanostructures. Same is
the case with CuSe (figure 3.4d) i.e. nanorods integrity is intact and it makes a
window/absorber core shell nanostructure. While when nanorods are coated with
CZTSe nanoparticle (figure 3.4e) then it results in a mesoporous structure which is an
ideal structure for semiconductor sensitized solar cells with Core of ZnO window
sensitized with CZTSe absorber. Figure 3.4f represents micrograph of CIGSe
nanoparticles coated on ZnO nanorods, here in this image more accurate estimate of
dimensions of nanorods can be made but still it is tilt image. Also this configuration
is an excellent option for fabrication of solar cell. Also combination of these structures
such as ZnO/ZnSe window/buffer coated with Absorber (CZTSe or CIGSe) can be
effective and efficient options for chalcogenide based thin film solar cells.

Figure 3.4 Scanning electron microscope images of synthesized nanostructures. (a-b) ZnO
nanorods (c) ZnO/ZnSe core/shell nanorods (d) ZnO/CuSe core/shell nanorods (e) CZTSe
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nanoparticle coated ZnO nanorod arrays (f) CIGSe nanoparticle coated ZnO nanorod
arrays.

XRD plots of synthesized nanostructures are given in Figure 3.5. XRD of FTO
substrate is shown as reference in bottom and has been indexed for tetragonal SnO2
phase (JCPDS 01-077-0452). In XRD of ZnO/CZTSe-FTO, peaks other than FTO are
also present and have been indexed for wurtzite ZnO and kesterite CZTSe. It can be
seen that ZnO grow preferentially along (002) plane in [001] direction. In the top most
XRD plot characteristics peaks of CIGSe also appear in addition to ZnO and FTO and
have been indexed for chalcopyrite CIGSe. For ZnO/ZnSe and ZnO/CuSe
nanostructures XRD was unable to detect ZnSe and CuSe due to relatively smaller
thicknesses of shells so these are not shown here. For the confirmation of formation
of ZnSe and CuSe, Raman spectra were taken for all the samples and results are
presented in Figure 3.6. From Raman shift analysis presence of all the phases is clearly
evident even for those also which were not visible in XRD. Characteristics Raman
bands are labelled on respective plots.

Figure 3.5. XRD plots of synthesized nanostructures: for FTO substrate it is shown at
bottom of graph. Middle one is of ZnO nanorods coated with CZTSe while top plotis for ZnO
nanorods coated with CIGSe nanoparticles.
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Figure 3.6 Raman shift analysis of synthesized nanostructures.

3.10 Summary
Synthesis and surface modification of 1-D ZnO nanorods arrays is successfully
presented. Vertically aligned ZnO nanorods are synthesized by seed assisted route and
subsequently modified by ion exchange method to ZnSe or CuSe to fabricate
core/shell window buffer or window absorber materials respectively for solar cell
applications. Modification by ex-situ grown absorber nanoparticles is presented for
CIGSe and CZTSe nanocrystals
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Chapter 4: Arrays of ZnO/CuInxGa1-xSe2
nanocables with tunable shell
composition for efficient photovoltaics†
4.1 Highlights
Arrays of one-dimensional (1D) nanostructures are receiving much attention for their
optoelectronic and photovoltaic applications due to their advantages in light
absorption, charge separation and transportation. In this work, arrays of
ZnO/CuInxGa1-xSe2 core/shell nanocables with tunable shell compositions over the
full range of 0 ≤ x ≤ 1 have been controllably synthesized. Chemical conversions of
ZnO nanorods to a series of ZnO-based nanocables, including ZnO/ZnSe, ZnO/CuSe,
ZnO/CuSe/InxGa1-x, ZnO/CuSe/(InxGa1-x)2Se3, and ZnO/CuInxGa1-xSe2, are well
designed and successfully achieved. Composition-dependent influences of the
CuInxGa1-xSe2 shells on photovoltaic performance are investigated. It is found that
increase of indium content (x) leads to an increase in short-circuit current density (JSC)
but a decrease in open-circuit voltage (VOC) for the ZnO/CuInxGa1-xSe2 nanocable
solar cells. An array of ZnO/CuIn0.67Ga0.33Se2 nanocables with a length of ~1 Pm and
a shell thickness of ~10 nm exhibits a bandgap of 1.20 eV, and yields a maximum
power conversion efficiency (PCE) of 1.74% under AM 1.5G illumination at an
intensity of 100 mW/cm2. It dramatically surpasses that (0.22%) of the
ZnO/CuIn0.67Ga0.33Se2 planar thin-film device. This work reveals that 1D nanoarrays
allow efficient photovoltaics without using toxic CdS buffer layer.

†

M.A. Akram, S. Javed, J. Xu, M. Mujahid, C.-S. Lee, Arrays of ZnO/CuInxGa1−xSe2 nanocables with
tunable shell composition for efficient photovoltaics, Journal of Applied Physics, 117 (2015) 205306.
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4.2 CIGS Absorber Layer
4.2.1 Typical Characteristics
Cu(InxGa1−x)(SySe1-y)2 (CIGS) is multinary chalcogenide system where band gap
can be tailored by adjusting the ratios of group III cations between In and Ga also by
changing proportions between ‘S’ and ‘Se’ anions. In this way band gaps from 1eV to
2.5eV can be obtained. CIGS has been widely used as a promising light harvesting
material in thin-film solar cells due to its merits of high optical absorption coefficient,
tunable band gap, long-term stability, manufacturing flexibility, wide selection of
substrates and high theoretical efficiency [105-110]. CIGS thin-film solar cells with
efficiency as high as 20% have been reported [111, 112]. Record lab scale cell
efficiency chart is given in table 4.1 for CIGS based solar cells on different substrates.
Table 4.1: Record CIGS solar cell efficiencies on lab scale [37].
Substrate

Glass

Polymer

Steel

Aluminum

Efficiency

20.8%

20.4%

17.7%

16.2%

Institute

ZSW

Empa

Empa

Empa

4.2.2 Conventional device structure
However, the thin-film devices are typically prepared with the structure of
Mo/CIGS/CdS/ZnO/ITO, in which the sulfuration (or selenization) process involves
using toxic gas of H2S (or H2Se) [113]. On the other hand, the CIGS layer in the thinfilm photovoltaic devices has a typical thickness as high as several micrometers [109,
110, 114], which should be decreased to reduce the carrier collection distance and to
cut cost as rare metals of In and Ga are involved. Figure 4.1 represents conventional
thin film structured CIGS solar cell with typical thickness values of individual layers
for both substrate and superstrate based structures. For substrate based cells it starts
with deposition of metallic back contact mostly of 1 miro meter thick Molybdenum
followed by 1-3 μm thick CIGS p-type absorber, a resistive buffer layer of about 30
to 50 nm thickness and on top of that a front transparent contact of Aluminum doped
Zinc oxide (AZO) or Indium doped Tin oxide (ITO). While for inverted or superstrate
configuration deposition sequence is reverse and usually buffer layer is omitted as
high temperature processing of absorber may result in intermixing of buffer and
absorber.
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Figure 4.1: Schematic representation of conventional thin film CIGS solar cell
structure. (a) Substrate configuration, (b) superstrate configuration.

4.3 Development of 1D absorber nanostructures
One-dimensional (1D) nanostructures, especially 1D nanoarrays, have attracted
considerable attention for photovoltaic and optoelectronic applications due to their
advantages in light absorption, charge separation and transport, as well as carrier
collection [41, 115-123]. Many recent efforts have been devoted to synthesize 1D
CIGS nanostructures and heterojunctions [124-131]. For example, Korgel et al.
synthesized CuInSe2 nanowires by a solution-liquid-solid approach, the solar cell
based on the CuInSe2 nanowires gave a power conversion efficiency (PCE) of 0.1%
under AM 1.5 illumination [125]. Xu et al. reported controllable synthesis of CuInSe2
and CuInSe2/CuInS2 nanowire bundles by reacting CuSe precursors with In3+ ions in
a solvothermal system [126]. Cui group has controllably synthesized copper-rich and
copper-deficient CuInSe2 nanowires by the vapor-liquid-solid (VLS) approach using
Au nanoparticles as a catalyst [129]. They also prepared CuInSe2 nanowires by
chemical transformation of copper coated In2Se3 nanowires at 350 qC. The solar cell
based on individual nanowire showed an open-circuit voltage (VOC) of 500 mV and a
short-circuit current of 2 pA under AM 1.5 illumination [131]. Template synthesis of
1D CIGS nanoarrays by electrodeposition has also been reported [132-134]. Liquid
junction solar cell using ZnO/CuInSe2 core/shell nanocable array as photoanode and
I−/I3− redox couple as electrolyte was reported, yielding an efficiency of less than 0.5%
due to the poor heterojunction contact of nanocables caused by the etched ZnO cores
[135].
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measurements were performed on UV-2800 spectrophotometer. Current densityvoltage (J-V) characteristics of the solar cells were measured under AM 1.5G
illumination with an intensity of 100 mW/cm2.

4.6 Results and Discussion
Figure 4.2 depicts the synthesis process of ZnO/CuInxGa1-xSe2 nanocable array solar
cells. A layer of ZnO blocking layer is spin-coated on a FTO substrate. An array of
ZnO nanorods is then grown on the ZnO-seeded FTO substrate through a lowtemperature hydrothermal method. ZnO/ZnSe nanocables can be synthesized by ZnO
surface selenization in a Se2− ion solution. Due to the large difference of solubility
product constant (Ksp) among Zn(OH)2 (10−16.5), ZnSe (10−25.4), and CuSe (10−48.1), the
ZnO nanorods can serve as a sacrificial template to fabricate ZnO/ZnSe nanocables by
anion exchange, and then to prepare ZnO/CuSe nanocables by cation exchange
between Cu2+ with Zn+2 in a solution at room temperature [136]. A thin layer of InxGa1x

with controllable molar ratio is deposited by thermal evaporation on the surface of

ZnO/CuSe nanocables, followed by immersing in a Se2− ion solution for InxGa1-x
selenization

to

form

(InxGa1-x)2Se3,

consequently

resulting

in

forming

ZnO/CuSe/(InxGa1-x)2Se3 nanocables. Alloying process is then carried out by
annealing the ZnO/CuSe/(InxGa1-x)2Se3 nanocables in Ar atmosphere to prepare the
ZnO/CuInxGa1-xSe2 nanocables. Finally, a layer of Mo electrode as current collector
is deposited by RF magnetron sputtering technology on the top surface of the
ZnO/CuInxGa1-xSe2 nanocables, achieving a complete solar cell device. This
fabrication strategy exhibits a powerful flexibility to modulate the shell composition
in the nanocables.
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Figure 4.2: Schematic diagram for fabricating ZnO/CuInxGa1-xSe2 nanocable array solar
cells.
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Figure 4.3 (a,b) SEM images of the ZnO/CuInxGa1-xSe2 (x=0.67) nanocable array coated
with Mo electrode. (c) TEM image, (d) SAED pattern, (e) HRTEM image of a
ZnO/CuInxGa1-xSe2 (x=0.67) nanocable. (f) EDS spectrum of the ZnO/CuInxGa1-xSe2
(x=0.67) nanocables array grown on FTO glass substrate, indicating the atomic ratio of
Cu:In:Ga:Se is 24:18:9:49.

Figure 4.3(a) shows a typical SEM image of the ZnO/CuInxGa1-xSe2 (x=0.67)
nanocable array grown on an FTO glass after coating a layer of Mo electrode. The
length of the nanocables is estimated to be about 1 Pm. Figure 4.3(b) presents a
magnified SEM image of the Mo coated ZnO/CuInxGa1-xSe2 nanocables, revealing
that the Mo layer with a thickness of 300-500 nm is deposited on the top surface, and
forms a continuous layer as current collector. The core/shell structure of the
ZnO/CuInxGa1-xSe2 nanocables is demonstrated as shown in figure 4.3(c), revealing
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good interfacial contact without ZnO core dissolution. Figure 4.3(d) shows a selected
area electron-diffraction (SAED) pattern of the ZnO/CuInxGa1-xSe2 (x=0.67)
nanocables. A set of pattern dots can be indexed to hexagonal ZnO, revealing single
crystallinity with growth direction along [001]. The three diffraction rings match well
with (112), (220) and (312) planes of chalcopyrite CuIn xGa1-xSe2 (x=0.67) and
indicate the shell is polycrystalline. An HRTEM image of the ZnO/CuInxGa1-xSe2
(x=0.67) nanocable is presented in figure 4.3(e), revealing the polycrystalline
CuInxGa1-xSe2 (x=0.67) shell with thickness of ~10 nm. The fringe spacing of 0.33 nm
in figure 3.3(e) matches well to the interplanar spacing of (112) planes of the tetragonal
CuInxGa1-xSe2 (x=0.67) crystal structure. The EDS spectrum in figure 4.3(f) reveals
that the atomic ratio of Cu:In:Ga:Se is 24:18:9:49, suggesting the formation of
CuIn0.67Ga0.33Se2 (x=0.67) shells.
Figure 4.4(a) shows the XRD patterns of the FTO substrate (i) and ZnO/CuInxGa1xSe2

nanocables grown on FTO substrate (ii). In pattern (ii), the peaks marked with

“*” come from the FTO substrate and the peaks marked with “#” can be well indexed
to hexagonal ZnO. In figure 4.4(b), it is clearly observed that a shoulder peak centered
at 26.90q, which can be well indexed to the (112) peak of chalcopyrite CuInxGa1-xSe2
(x=0.7, JCPDF 35-1102), is overlapped with the (110) peak (26.61q) of tetragonal
SnO2 (JCPDF 41-1445). The peak centered at 44.65q matches well with the (220)
diffraction peak of chalcopyrite CuInxGa1-xSe2 (x=0.7, JCPDF 35-1102) as shown in
figure 4.4(c). Therefore, the XRD data further demonstrate the formation of
ZnO/CuInxGa1-xSe2 nanocable array grown on FTO substrate. The indium content
(x=0.67) estimated from the EDS result is very close to the XRD data.
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Figure. 4.4 (a) XRD patterns of FTO glass (i) and ZnO/CuInxGa1-xSe2 (x=0.67) nanocables
grown on FTO glass (ii), (b) expanded view of (112) peak of the CuInxGa1-xSe2, (c) expanded
view of (220) peak of the CuInxGa1-xSe2.
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Figure. 4.5. Raman spectra of (i) ZnO nanowires, (ii) ZnO/ZnSe nanocables, (iii) ZnO/CuSe
nanocables, (iv) ZnO/CuGaSe2 nanocables, (v) ZnO/CuInSe2 nanocables, and (vi)
ZnO/CuIn0.67Ga0.33Se2 nanocables.

The process of growing ZnO/CuInxGa1-xSe2 nanocables on FTO substrate is studied
by Raman analysis as shown in figure 4.5 Curve (i) is a Raman spectrum of the bare
ZnO nanorods, which shows a resonance peak at 436 cm−1 attributed to characteristic
E2 mode of ZnO.[137] For the ZnO/ZnSe nanocables as shown in curve (ii), the Raman
spectrum shows not only a characteristic E2 peak of ZnO at 436 cm−1, but also a
resonance peak at ~253 cm−1 arising from the first-order longitudinal optical (LO)
phonon mode of ZnSe [137, 138], indicating the formation of ZnO/ZnSe nanocables.
For curve (iii), a resonance peak at ~259 cm−1 arising from Se-Se stretching vibration
mode (A1) of CuSe [139, 140] is observed. Curves (iv) and (v) present the Raman
spectra of CuGaSe2 and CuInSe2, respectively. The strong peaks at 183 cm−1 for
CuGaSe2 and 170 cm−1 for CuInSe2 are evidently due to the A1 modes [141]. For the
ZnO/CuIn0.67Ga0.33Se2 nanocables as shown in curve (vi), the A1 mode of
CuIn0.67Ga0.33Se2 shifts to 175 cm−1, further confirming the formation of alloyed
chalcopyrite with tunable composition.
The possible conversion reactions involved may take place:
(1) Surface selenization of ZnO to form ZnO/ZnSe:
ZnO + Se2− + H2O o ZnSe + 2OH−
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Surface selenization of single crystalline ZnO nanorods (figure 4.6) by anion
exchange leads to formation of ZnO/ZnSe nanocables (figure 4.7), in which the ZnSe
shells with 6 nm thickness are polycrystalline.
(2) Cation exchange to form ZnO/CuSe:
ZnSe + Cu2+ o CuSe + Zn2+
Due to the large Ksp difference, converting ZnSe to CuSe shell is spontaneous and
very fast at room temperature. The obtained CuSe shell is also polycrystalline, and
good interfacial contact between the core and the shell is revealed (figure 4.8).
(3) Selenizing ZnO/CuSe/InxGa1-x to form ZnO/CuSe/(InxGa1-x)2Se3:
4 InxGa1-x + 6 Se2− + 3 O2 + 6 H2O o 2 (InxGa1-x)2Se3 + 12 OH−
InxGa1-x nanoparticles were deposited by thermal evaporation onto the surfaces of
the ZnO/CuSe to form ZnO/CuSe/InxGa1-x (figure 4.9), followed with a solution
selenization.
(4) Annealing ZnO/CuSe/(InxGa1-x)2Se3 to form ZnO/CuInxGa1-xSe2:
2 CuSe + (InxGa1-x)2Se3 o 2 CuInxGa1-xSe2 + Se↑
The two components of CuSe and (InxGa1-x)2Se3 in the shells differ only in their
cations. As group I-III cations (Cu, In, Ga) have much smaller sizes than that of Se2−
anion, they can diffuse fast and be intermixed to form an alloy of CuInxGa1-xSe2 easily
at the annealing temperature of 400 °C.

Figure 4.6. HRTEM image of a bare ZnO nanorod.

51

(a)

(b)

(c)

Figure 4.7: HRTEM images of (a) a ZnO/ZnSe nanocable and (b) a ZnSe nanotube obtained
after dissolving the ZnO core in an acetic acid solution. (c) EDS spectrum of the ZnSe
nanotubes deposited on a Si wafer, revealing a Zn/Se atomic ratio of 48:52.
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(a)

(b)

(c)

Figure 4.8: HRTEM images of (a) a ZnO/CuSe nanocable and (b) a CuSe nanotube obtained
after dissolving the ZnO core in an acetic acid solution. (c) EDS spectrum of the CuSe
nanotubes deposited on a Si wafer, revealing a Cu/Zn/Se atomic ratio of 45:4:51.
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Figure 4.9: TEM (a) and HRTEM (b) images of a ZnO/CuSe/InxGa1-x nanocable.
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Figure 4.10 (a) Current densityvoltage (JV) characteristics of (i) the ZnO/CuInxGa1-xSe2
nanocable solar cells with different indium content (x). (b) UV-vis spectra of the ZnO-based
core/shell nanocable arrays. (c) EQE spectrum of the ZnO/CuInxGa1-xSe2 (x=0.67)
nanocable array solar cell. (d) Current densityvoltage (JV) characteristics of (i) the
ZnO/CuInxGa1-xSe2 (x=0.67) nanocable array solar cell and (ii) the ZnO/CuInxGa1-xSe2
(x=0.67) planar solar cell.

Photovoltaic performance for the ZnO/CuInxGa1-xSe2 nanocable cells with an active
cell area of 0.28 cm2 were measured under AM 1.5G illumination with an intensity of
100 mW/cm2. Figure 4.10(a) shows the current density-voltage (J-V) characteristics
of the devices. The ZnO/CuGaSe2 nanocable solar cell presents a short-circuit current
density (JSC) of 6.39 mA cm2, an open-circuit voltage (VOC) of 0.52 V, and a fill factor
(FF) of 0.36, yielding a power conversion efficiency (PCE) of 1.19%. With increasing
indium content (x) in the CuInxGa1-xSe2 shells, significant increased JSC but slightly
decreased VOC were observed. The ZnO/CuInSe2 nanocable device shows a JSC of
12.14 mA cm2, a VOC of 0.42 V, an FF of 0.36, and a PCE of 1.65%. The device based
on the array of ZnO/CuInxGa1-xSe2 (x=0.67) nanocables gives a maximum PCE of
1.74%, accompanied with a JSC of 10.18 mA cm2, a VOC of 0.45 V, and an FF of 0.38.
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The bulk CuGaSe2 and CuInSe2 were reported to exhibit bandgap energies of 1.7 eV
and 1.0 eV, respectively. The increased JSC from 6.39 mA cm−2 for ZnO/CuGaSe2
nanocables to 10.18 mA cm−2 for ZnO/CuInxGa1-xSe2 (x=0.67) nanocables, and further
to 12.14 mA cm−2 for ZnO/CuInSe2 nanocables is probable due to the enhanced and
expanded absorption in the visible and near-infrared region of the nanocables (figure
4.6(b)). Figure 4.10(c) shows the external quantum efficiency (EQE) of the
ZnO/CuInxGa1-xSe2 (x=0.67) nanocable device. A broad >20% EQE plateau in the
spectrum from 400 to 1000 nm can be observed. The bandgap of the
ZnO/CuIn0.67Ga0.33Se2 nanocables is estimated to be ~1.20 eV. Integration of the EQE
spectrum shows that the JSC is about 9.5 mA cm2, which is consistent with the value
(10.18 mA cm−2) from the J-V curve.
To compare the nanocable array solar cell with the planar thin-film device, a
ZnO/CuInxGa1-xSe2 planar solar cell was fabricated by using ZnO film on FTO
substrate as precursor and followed by the same procedure to grow CuIn xGa1-xSe2
shells on the ZnO nanorods. The ZnO/CuInxGa1-xSe2 planar device gives a PCE of
0.22%, accompanied with a JSC of 0.89 mA cm2, a VOC of 0.60 V, and a FF of 0.41
(curve ii in figure 4.10(d)). Significant increases in JSC and PCE are achieved by
designing 1D core/shell nanocable array solar cells, which is probably attributed to the
advantages of the 1D nanocables in light harvesting, charge separation and transport
as illustrated in figure 4.11. Compared with the planar structure (figure 4.11(a)), the
arrays of 1D nanostructures can reduce light reflection due to light trapping effect, as
indicated by the red dashed arrows in figure 4.11(b), which contributes to JSC
enhancement. The ZnO/CuInxGa1-xSe2 forms a stepwise energy band alignment (type
II) at the heterojunction [142], therefore, photogenerated electrons and holes would be
preferably transferred across the interface in opposite directions to achieve the
formation of an excitonic charge separation state. The 1D core/shell structures provide
large lateral p-n heterojunction area for efficient carrier separation in the radial
direction instead of the longer axial direction, and the carrier collection distance is
smaller than or comparable to the minority carrier diffusion length [117]. Furthermore,
the 1D single-crystalline ZnO nanorods can also provide a direct pathway for rapid
transport of photogenerated electrons to current collector [119]. Therefore, efficient
charge separation and transport induced by nanocable geometry is considered to retard
recombination, benefitting the JSC enhancement.
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Figure 4.11 Schematic of the decoupling of light absorption, charge separation and
transport of solar cells with a planar structure and a core/shell structure.

4.7 Summary
In summary, arrays of ZnO/CuInxGa1-xSe2 nanocables and a series of related
nanocables, such as ZnO/ZnSe, ZnO/CuSe, ZnO/CuSe/InGa, ZnO/CuSe/(InxGa1x)2Se3,

have been well designed and successfully synthesized on FTO substrates. Due

to the Ksp difference, conversion of ZnO to ZnO/ZnSe and ZnO/CuSe are spontaneous
via ion exchange approach in solutions at low temperature. Solid state reaction of
InxGa1-x coated ZnO/CuSe nanocables to form ZnO/CuInxGa1-xSe2 nanocables offers
the nanocables with good crystallinity and solid heterojunction contact, which is
beneficial for carrier separation and transport. The ZnO/CuInxGa1-xSe2 nanocables
with tunable shell composition can be obtained. High indium content (x) of the
CuInxGa1-xSe2 shells leads to increased JSC but decreased VOC. The array of
ZnO/CuIn0.67Ga0.33Se2 nanocables with a length of ~1 Pm and a shell thickness of ~10
nm exhibits a bandgap of 1.20 eV and yields a maximum PCE of 1.74% accompanied
with a JSC of 10.18 mA cm−2 under 1 sun illumination. Significant improvement of
photovoltaic performance is demonstrated by employing the 1D nanocable array. The
synthesis strategy can be further extended to other case of ZnO-based nanocable arrays
for highly efficient solid state p-n junction solar cells.
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Chapter 5: Arrays of CZTS Sensitized
ZnO/ZnS and ZnO/ZnSe core/shell
Nanorods for Liquid Junction Nanowire
Solar Cells‡
5.1 Highlights
Copper-zinc-tin-sulfide (Cu2ZnSnS4 or CZTS) is an important p-type
semiconductor material for solar cell applications. A unique architecture for
liquid junction solar cell made of ZnO/Al:ZnO/ZnS/CZTS core/shell vertically
aligned nanorods array is reported. Over fluorine-doped tin oxide (FTO) coated
glass, vertically aligned Al-doped zinc oxide nanorods (VANR) were grown
over ZnO seed layer. It was followed by surface transformation of ZnO
nanorods to ZnS or ZnSe through solubility constant (K sp) difference induced
anion exchange in a S2- or Se2- solution to produce ZnO/ZnS and ZnO/ZnSe
core-shell (CS) structures. Separately, CZTS nanoparticles were synthesized
from high temperature arrested precipitation and subsequently used for
sensitization of ZnO/ZnS CS-VANR nanostructures. Cu 2S and polysulfide
were employed as counter-electrode and electrolyte respectively for fabrication
of liquid junction solar cells. FE-SEM, HRTEM, X-ray diffraction and Raman
spectroscopy techniques were employed for microstructural, morphological
and compositional characterization of different component materials. The J-V
measurements of the solar cell correspond to a several fold higher power
conversion efficiency than similar device with thin film multilayer planar
configuration involving same amount of materials. The aligned core/shell
nanorods configuration offers an increase in the interfacial area by several
folds, shorter pathway for charge transport and efficient photon absorption .

‡

M.A. Akram, S. Javed, M. Islam, M. Mujahid, A. Safdar, Arrays of CZTS Sensitized ZnO/ZnS and
ZnO/ZnSe core/shell Nanorods for Liquid Junction Nanowire Solar Cells, Solar Energy Materials and
Solar Cells, 146 (2016) 121.
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5.2 Photovoltaics from Chalcogenides:
Chalcogenide based solar cells are polycrystalline thin film heterostructure solar
cells typically consisting of a metallic back contact, a semiconducting absorber
layer, and a transparent front contact or emitter. Overall thickness of a device is
around 1–3 μm, enough to harness most of the incident photons. Usually large
grain polycrystalline thin films are used for absorber layer and net the film
thickness is dictated by the polycrystalline grain size and the absorption length
of sunlight. Astonishingly simple and low cost deposition methods for
chalcogenide solar cell have made them cost effective and highly efficient
devices.
Figure 5.1 is a sketch of a polycrystalline thin film cell with window layer and
absorber layer. The boundaries of the large grains of the absorber layer are
outlined. The thickness of the window and absorber layers are dw and da.wa is
the width of the space charge layer within the absorber layer. The letters (a) and
(b) indicate perpendicular (a) and parallel (b) grain boundaries with respect to
the space charge layer.

Figure 5.1 Polycrystalline thin film cell with window layer and absorber layer. ,derived
from [143]

Chalcogenide solar cells based on Cu(In1-xGax)Se2 (CIGS) or CdTe have
crossed the bench mark of 20% power conversion efficiency [21, 111, 144],
resulting in wide spread commercialization of these technologies. However, to
meet the ever-growing energy needs of the world, issues related to scarcity and
cost of precursors: In, Ga and Te cast doubts over long-term sustainability of
these technologies. It is estimated that if all the In resources in the world would
59

be used in fabricating commercial photovoltaic modules, it will account for only
70 GW of power generation [145, 146]. The toxicity of Cd is also another
hindrance in the pursuit of CdTe based thin film solar cells [147, 148].

5.3 CZTS as an alternate of CIGS
As a replacement for CIGS based compounds, exploratory research for
alternative compositions involving environment-friendly, earth-abundant and
inexpensive precursor elements has led to the development of Cu 2ZnSnS4
(CZTS) p-type absorber semiconductor material. CZTS has high light
absorption coefficient of the order >104 cm-1 [149, 150], and direct band gap
energy value of ~1.5 eV [151, 152]. The highest values of power conversion
efficiency (PCE) reported for CZTS and CZTSe based solar cells are 8.4 [153]
and 12.6 % [154], respectively.

5.4 Processing of CZTS Thin Films
Despite a high efficiency and other advantages associated with vacuum
processing, drawbacks including high production cost of vacuum equipment,
elevated synthesis temperatures, use of toxic gases (H 2Se or Se) and material
waste [112, 155, 156], research focus has shifted to devise facile, solution based
processing routes for CZTS nanocrystals and films. One of the approaches to
overcome these issues involves using colloidal nanoinks of CZTS for
subsequent absorber layer application under ambient or less severe processing
conditions [157-161]. This heterojunction configuration, however, lowers the
power conversion efficiency mainly by poor p-n junction due to small grain size
and high series resistance arising from large number of grain boundaries in the
path of current flow.
5.4.1 Introduction of 1-D Nanostructures
Solar cells with enhanced efficiencies maybe fabricated through incorporation
of one-dimensional (1-D) nanostructures including nanowires, nanotubes, and
nanorods. These offer great potential to improve conversion efficiency by
expediting photon absorption, increasing electron mobility, and enhancing
electron collection efficiency in solar cells [162, 163]. Nanowire morphology
of I-III-VI chalcopyrite materials can offer pathways for continuous charge
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carrier transport without dead ends, which is an advantage over random p-n
junctions. In such devices, however, the charge carriers have to move long
distances, on the order of absorber and buffer layers thicknesses, to reach the
counter electrodes. This problem can be overcome through application of the
absorber, buffer and window layers via facile solution synthesis in the 1-D
core/shell structure configuration [135]. In this case the only disadvantage
would be limited light absorption capabilities due to difficulty in producing
absorber shells with greater thickness values.
5.4.2 All Solution Processed Cells
Solar cells fabrication by employing solution processing techniques for all
component layers, eliminating any needs of vacuum processing, is thus an
attractive research domain to reduce extensive equipment costs.

5.5 CdS and Alternate Buffer Layers for CZTS Solar Cells
Recently, results from fabrication and testing of superstrate solar cell
configurations based on vertically aligned nanorod arrays of ZnO/CdS
core/shell structures coated with CZTS nanoparticles has been reported [164],
[165]. Although CdS is the most commonly used composition as buffer layer
and has been an integral part of solar cells with record conversion efficiency.
The drawbacks of CdS include its inability to transmit full solar spectrum due
to a relatively low band gap value (~2.4 eV), greater electron affinity as
compared to CZTS or CIGS, enhanced carrier recombination rate at the
interface between CdS and a relatively wider band gap absorber layer,[166] and
serious environmental problems associated with CdS layer which underline the
need for an alternative buffer layer material to offset these shortcomings.
Among alternative cadmium-free buffer layer compositions, zinc sulfide (ZnS)
and zinc selenide (ZnSe) have been extensively explored for CIGSSe based
solar cells. ZnS is a high band gap energy material (E g 3.8 eV) with high
transmittance in the visible range [167, 168], higher quantum efficiency of the
device at short wavelengths with an associated increase in the short-circuit
current (Jsc) of the device and a large band offset between CIGS and ZnS [169].
A power conversion efficiency of 18.6% was reported for CIGS solar cell
incorporating ZnS(S, O, OH) buffer layer [170], whereas ZnS has already found
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its use as a standard buffer layer in commercial CIGS modules [171]. When
conduction band alignment is consider for buffer-absorber interface, ZnS has
been found to cause current blocking owing to a high barrier formation towards
CZTS, both theoretically [172] and experimentally [173], in CZTS based solar
cells. The device quality is explained in terms of the buffer/absorber
heterojunction interface through critical parameters namely valence band offset
(VBO) and conduction band offset (CBO) values that strongly affect charge
transfer across the buffer/absorber interface. It is noteworthy that CdS/CZTS
heterojunction interface has a CBO of –0.30-0.35 eV with a negative value
indicative of cliff-like behaviour [174]. Due to smaller CBO values for selenides
than sulphides, ZnSe is anticipated to promote better performance attributes in
solar cells incorporating ZnSe buffer layer.

5.6 Objectives
In this chapter, we propose and present preliminary data from fabrication and
testing of solar cells with superstrate configuration employing core/shell
vertically-aligned nanorod arrays (CS-VANR), polysulfide electrolyte and Cu2S
counter-electrode. Using fluorine-doped tin oxide (FTO) glass substrates,
vertically aligned arrays of Al:ZnO were grown with subsequent encapsulation
of individual nanorods via step-by-step application of different component
layers with certain functionalities using low temperature, liquid processing
routes. The solar cell configuration reported in this study is anticipated to reduce
the extent of charge carrier recombination through reduction in the length of
charge flow path and enhancement in light absorption due to a greater number
of grain boundaries in the direction of incident photons. The incorporation of
mesoporous CZTS absorber layer is an addition to the benefits of the 1D
assembly and is specialty of the present work. Using ZnS and ZnSe as the buffer
layers and exploiting two different buffer/absorber interfaces in the cell
structure, the effect of buffer layer composition on the J–V characteristics of the
solar cells was also investigated.
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aligned ZnO nanorods (VANR) can be produced via low temperature
hydrothermal method. The length and diameter of the nanorods, area density
and Al-doping level can be tailored from careful selection of processing
parameters [177, 178]. During treatment with solution containing S2- ions, the
large difference in the values of solubility product constant (K sp) for Zn(OH)2
and ZnS, reported to be on the order of 10 -17 and 10-25, respectively [135, 179],
causes spontaneous transformation of ZnO to ZnS at the Al:ZnO surface, thus
changing their composition to ZnO/ZnS core/shell nanodrods. Arrays of
ZnO/ZnSe core/shell nanocables were synthesized by immersing the ZnO
nanorod arrays in the Se2− source solution obtained by dissolving Se in water in
presence of reducing NaBH4 at 50 °C for 5 h. The surface as well as the space
between modified VANR array is filled with an ethanol based nanoink,
containing separately prepared CZTS nanocrystals, that is spin coated over
ZnO/buffer core/shell nanostructures. The heterojunction configuration of
FTO/ZnO/Al:ZnO/ZnS/CZTS

(CS-VANR-1)

or

FTO/ZnO/Al:ZnO/ZnSe/CZTS (CS-VANR-2) constitutes the photoanodes.
The counter electrode is made of Cu2S, and the inter-electrode space is filled
with polysulfide electrolyte to complete the fabrication of an individual solar
cell. The electrolyte serves as a transport medium for charge carriers generated
by the CZTS nanocrystals. The experimentation scheme offers several
advantages including (i) solution processing routes for all components, (ii)
process adaptability for flexible substrates and (iii) a relatively low maximum
processing temperature of 400oC.
Three-dimensional schematic illustrations of the photoanode and a complete
solar cell are given in Figure 5.3. Spin coating of the CZTS ethanol suspension
results in coverage of the CS-VANR with CZTS nanoparticles, filling up the
inter-rods spacing with subsequent formation of a mesoporus photoanode. The
pores are eventually filled with the polysulfide electrolyte which acts as charge
transfer medium between the two electrodes.
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Figure 5.2 Process flow diagram for fabrication of CZTS sensitized ZnO/ZnSe
core/shell nanorods arrays and their subsequent application in liquid junction solar
cells.

Figure 5.3 (a) Three-dimensional schematic depiction of the fabricated device: (a) The
photoanode showing CS-VANR coated with CZTS nanoparticles over FTO-glass substrate
and (b) Individual solar cell with polysulfide electrolyte and Cu2S counter-electrode.
Components are not to scale.

Electron microscopy examination of the Al:ZnO nanorods array as well as
Al:ZnO/ZnS CS-VANR was performed using both FE-SEM and HR-TEM, as
shown in Figure 5.4. From high magnification image (Figure 5.4a), the asgrown Al:ZnO nanorods appear to be well aligned almost vertical to the
substrate surface with an average diameter of ~75 nm. The aspect ratio of the
nanorods is thus anticipated to be in the range of 15 to 25, considering the fact
that the average NR length is 1-2 μm. The area density of the nanorods is
estimated to be approximately 62 /μm2. The HR-TEM studies, presented in
Figure 5.4c, indicate that the nanorods produced are highly crystalline with
lattice fringes characteristic of ZnO (001) planar orientation with inter-planar
spacing of 0.52 nm and preferential growth along the [001] direction. Upon
Na2S treatment, the integrity of the VANR array was not affected as evident
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from the large-area top-view of the sample (Figure 5.4b). The transformation of
ZnO to ZnS through ion exchange is evident from HRTEM microstructure
where a 10-nm thick outer layer of ZnS is present (Figure 5.4d). The ZnS shell
so formed is polycrystalline as anion exchange process induces lattice stresses
due to size difference between O2- (126 pm) and S2- (170 pm) ions, thus favoring
polycrystalline ZnS formation from single crystal Al:ZnO. The lattice structure
was indexed to be wurtzite ZnS from lattices fringes representative of (002) and
(100) planes with respective inter-planar spacing of 0.31 and 0.32 nm. The
results demonstrate that the ion exchange treatment successfully transformed
Al:ZnO nanorods into Al:ZnO/ZnS core/shell structure. Besides indexing of the
diffraction fringes seen in the HRTEM microstructures, the phase structure can
also be confirmed from FFT patterns obtained for the Al:ZnO core and ZnS
shell of the nanorod. HRTEM image of Al:ZnO/ZnSe core/shell structure is
shown in Figure 5.4e. ZnSe shell is again polycrystalline as its crystal structure
is cubic which is different than hexagonal structure of ZnO so it will form its
own crystallites and the shell thickness is around 10nm as revealed by TEM
image of hollow ZnSe tube obtained after dissolving ZnO core in acetic acid
(inset Figure 5.4e). Part EDS spectrum from ZnSe hollow tube is given in
(Figure 5.4f) revealing Zn/Se atomic ratio of about 1:1.
The morphology and phase composition of the CZTS nanoparticles are
presented in Figure 5.5. The as-produced nanoparticles are of spherical shape
with an average size of ~ 20nm. The nanoparticles size is ideal for the device
fabrication since it will not only enable uniform surface coverage of the CSVANRs, it will also lead to mesoporous structure formation with fine pore size.
HRTEM image of CZTS nanocrystal is given in figure 5.5 (b), (112) planes are
clearly visible and have been marked for lattice fringe distance of 0.31 nm. The
SEM microstructure of the post-annealed CZTS coated CS-VANR shown in
Figure 5.5c where the vertically aligned array is completely covered by the
CZTS nanoparticles at the top along with porous structure with pore size of the
order of few tens of nanometers. The mesoporous structure is formed
presumably due to inefficient packing of the CZTS nanoparticles, ethanol
evaporation during annealing as well as thermal decomposition of any volatile
organic species remaining from nanoparticles synthesis step and is beneficial
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from the point of view of liquid electrolyte uptake during fabrication of liquid
junction solar cells.

Figure 5.4 FE-SEM and HR-TEM examination of (a, c) Al:ZnO nanorods and (b, d)
Al:ZnO/ZnS core/shell nanostructures. The insets in b and d are FFT patterns. (e)
HRTEM image of Al:ZnO/ZnSe core/shell nanorod, inset is TEM of ZnSe shell after
dissolving core in acetic acid solution. (f) EDS spectrum of the ZnSe nanotubes
deposited on a Si wafer, revealing a Zn/Se atomic ratio of ~1:1.
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Figure 5.5 (a-b) Electron microscopy results of the CZTS nanoparticles showing size,
morphology and phase composition and (c) top view of the CS-VANR after spin coating
with CZTS suspension and annealing .

The ZnS formation was also confirmed by performing Raman spectroscopy of
the samples after ion exchange treatment, as presented in Figure 5.6a. The lines
to indicate peak position are drawn as a guide to the eye. The E 2h peak positioned
at 437 cm-1 is due to nonpolar Raman active mode and is characteristic of bare
ZnO nanorods. Upon CZTS nanoparticles deposition over ZnO/ZnS core/shell
nanostructures, additional peaks appear at 333 and 353 cm -1 whereas intensity
of the peak at 437 cm-1 is reduced. The peak at 333 cm-1 is attributed to A1
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symmetry of kesterite CZTS which is purely anion mode and is due to vibration
of S atoms surrounded by motionless neighbouring atoms [180, 181]. The
presence of the other peak (at 353 cm-1) is due to strong first-order longitudinal
optical (LO) scattering mode of the cubic ZnS [182, 183]. The findings
corroborate the observations made during HRTEM examination of the samples.

Figure 5.6 (a) Raman spectra of the ZnO nanorods and CZTS coated ZnO/ZnS
core/shell nanorods and (b) XRD patterns of the substrate surface (FTO-coated glass),
spin coated and annealed film of CZTS nanoparticles over substrate and CZTS-coated
ZnO/ZnS CS-VANR over substrate.

Figure 5.6b shows the XRD patterns of the FTO-coated conducting substrate,
CZTS film produced over the substrate and CZTS nanoparticles deposited over
CS-VANR array. The SnO2 film over the glass sheet appears as peaks
representing tetragonal SnO2 phase (JCPDS 01-077-0452) [184]. The XRD
analysis of the CZTS-coated substrate indicates a tetragonal crystal structure
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(JCPDS 00-026-0575) with two peaks representative of (112) and (220) planes
of the kesterite phase [185]. The CZTS-coated ZnO/ZnS or ZnO/ZnSe
core/shell nanostructures shows peaks that can be indexed to be from hexagonal
ZnO (JCPDS 00-036-1451) [91] only with preferred orientation along (002)
plane or growth in [001] direction while peaks of CZTS and FTO are also
present. Although peaks characteristic of ZnS or ZnSe phase are not visible in
the XRD pattern perhaps due to its extremely small thickness, the evidence for
its presence is nevertheless available from HRTEM examination and Raman
spectroscopy studies.
Photovoltaic performance of the fabricated liquid junction solar cells having a
surface area of 0.2 cm2 was evaluated under 1 Sun illumination (100mW/cm2)
and the output current density-voltage (J-V) data is graphically shown in Figure
5.7. The solar cell based on CS-VANR-1 demonstrates a short-circuit current
density (Jsc), open circuit voltage (Voc) and fill factor values of 4.65 mA/cm2,
470 mV and 0.4, respectively, which correspond to the power conversion
efficiency (η) of 0.85 %. This lower efficiency is mainly because of high
conduction band offsets between ZnS and CZTS. While CS-VANR-2
employing ZnSe as buffer layer exhibits improved Jsc, Voc and fill factor values
of 10.46mA/cm2, 0.49 V and 0.43, respectively, which correspond to the power
conversion efficiency (η) of 2.2%. To investigate the peculiar role of 1-D
nanostructures towards photovoltaic conversion enhancement and for
comparison with their thin films based counterparts, planer ZnO/ZnS thin films
configuration sensitized with CZTS nanoparticles was fabricated using ZnO
film on FTO as initial structure through surface ZnO phase conversion to ZnS
and subsequent CZTS nanoparticles coating and liquid junction solar cell
fabrication using the same procedure as that adopted for 1-D structures. The
planar ZnO/ZnS-CZTS solar cell device yielded a PCE of 0.12 % with
associated Jsc of 0.6 mA/cm2 and Voc of 0.5 V, as shown in Figure 5.7.
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Figure 5.7 Comparison of current density-voltage (J-V) data for CZTS sensitized ZnO
based liquid junction solar cells with CS-VANRs configurations and planar
heterostructure.

Solar cell characteristics of all three cells are given in Table 5.1. Which provides
insight of devices. VOC and JSC values are directly obtained from JV curve
intercepts on x-axis and y-axis respectively while fill factor (FF) was calculated
from ratio of actual maximum power output to theoretical power. While shunt
resistance was calculated from smoothed JV curve by plotting dV/dJ against V
near JSC. Series resistance (RS) was calculated by plotting dV/dJ against (J+JSCGV)-1 and using diode equation, where G is shunt conductance [186]. Here it is
clear that the planar device have reasonable shunt resistance of 1783.7 ohm.cm 2
but series resistance value of 83.3 ohm.cm2 is also high enough to reduce to the
JSC primarily arising from longer charge transport distances involving large
number grain boundaries before they are taken-up by counter electrode. This
series resistance is reduced greatly by involving 1-D core/shell nanostructures
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as charge transfer distances are smaller involving less number of grain
boundaries in flow of charge carriers. But shunt resistance (RSH) decreases
because of larger interfacial area, chances of shunt paths increases thereby
reducing the VOC compared with planar structure.
Table 5.1
Device characteristics of solar cells calculated from J-V plots.
JSC
Composition
Planar

FTO/ZnO/Al:ZnO/

Structure

ZnS/CZTS

CS-

FTO/ZnO/Al:ZnO/

VANR-1

ZnS/CZTS

CS-

FTO/ZnO/Al:ZnO/

VANR-2

ZnSe/CZTS

VOC
FF

RS

RSH

Eff.

ohm.cm2

ohm.cm2

(%)

mA/cm2

V

0.73

0.55

0.4

83.33

1783.7

0.16

4.65

0.47

0.4

10.20

227.7

0.85

10.46

0.49

0.43

14.01

64.8

2.2

The superior cell performance seen in case of core/shell vertically-aligned
nanorods array structure may be attributed to efficient light absorption and
improved charge transport in 1-D nanostructures as evident form external
quantum efficiency (EQE) plots in Figure 5.8. Incident photon conversion
efficiency (IPCE) or external quantum efficiency (EQE) values for planar
structure are very low which is obvious as the film thickness is very low to make
materials quantity comparable with 1-D nanostructure based devices. While for
the case of 1-D nanostructured cell based on ZnS buffer (CS-VANR-1) yield
much higher values for IPCE and the spread of plot is near to ideal square shape.
While for CS-VANR-2 that is by using ZnSe as buffer layer, the IPCE values
are even higher as conduction band offset is lower between ZnSe & CZTS
compared with ZnS & CZTS resulting in improved charge transport and better
EQE. Band gaps can be calculated for all three cell from their EQE plots by
plotting the [hνxln(1-EQE)]2 vs photon energy (eV) as shown in Figure 5.8,
almost all compositions have similar band gap of 1.5 eV as all of them have
same CZTS nanocrystals as absorber layer. The nanocrystalline nature of CZTS
enables effective light harvesting via scattering from very large grain boundary
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area in the direction of light propagation owing to nanoscale size of the CZTS
particles. For charge transport, the electrons will need to migrate from CZTS
nanocrystals to the Al:ZnO nanorods at the core through thin ZnS buffer shell.
The transport distance for charge carriers, therefore, is very small before these
can be accommodated by the respective electrodes, thus drastically reducing any
chances of carrier recombination. Thus, efficient light harvesting combined with
improved charge separation and transport due to nanoparticles-coated vertically
aligned nanorods architecture reflect in the form of improved short-circuit
current density (Jsc) values and enhanced power conversion efficiency.

Figure 5.8 External quantum efficiency plots of Planar and 1-D nanostructured solar cell
and band gap calculations from EQE data.

A comparison of the cell area for one-dimensional core/shell superstrate device
configuration employed in this work with thin film planar configuration, for the
same set of material compositions reveals an increase in the interfacial area by
a factor of ~8.7. In other words, for 1 μm2 cell area, the CS-VANR made up of
nanorods with 75 nm diameter and 100 nm inter-nanorod spacing and
subsequently sensitized with CZTS nanoparticles, offers an interfacial area of
75

8.7 μm2 for a Cd-free superstrate solar cell architecture. The estimated 8.7 times
increase in the interfacial area is anticipated to cause approximately 7-fold
increase in the solar cell efficiency besides enhancement in optoelectronic
properties.
Lee et al. have recently reported CS VANR arrays based solar cells comprising
of Au/CZTS-NP/CdS/ZnO NR/ITO [164]. Here the planar counter electrode is
in contact with the CZTS particles which are completely filling the spaces
between and over the nanorods. So, the charge carriers have to pass a large
number of nanocrystals/boundaries to reach the collecting electrode resulting in
a lower Jsc. Similarly Jiang et al. have presented Au/Spiro-MeOTAD/CZTSNP/CdS/ZnO-NR/ZnO/FTO configuration [165]. Although they have improved
the interface between the counter electrode and the absorber layer by
incorporation of hole transport material i.e. spiro OMeTAD resulting in higher
Jsc values. But here too, the absorber/electrolyte/counter electrode interfaces
are smooth leaving room for improvement by increasing the interface area. We
have increased the interfacial area between absorber/electrolyte by adding
mesoporous architecture allowing infusion of the electrolyte into the absorber
layer to extract more charge carriers and transporting them to the collecting
electrodes. So that the electrolyte can penetrate into the porosity and extract
charge carriers near the generation point, which also decreases the chances of
recombination and series resistance due to shorter travel distances and
involvement of less number of grain boundaries.
Although the reported efficiency values in current work and related reports [164,
165] based on similar nanostructures are small compared with other wellestablished thin film configurations [154], careful optimization of the nanorods
array attributes including diameter, length, aspect ratio and inter-nanorods
spacing have strong potential to greatly improve cell performance for
technology scale-up and commercialization.

5.9 Summary
A unique solar cell configuration based on core-shell vertically aligned
nanorods assembly involving solution processing routes is proposed and
presented. A superstrate liquid junction solar cell device is fabricated over FTO
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coated glass via sequential growth of vertically aligned Al:ZnO nanorods over
ZnO blocking layer, a thin ZnS or ZnSe layer formation through ion exchange,
CZTS nanoparticles deposition and subsequent joining with the Cu 2S counterelectrode with inter-electrode space filled with polysulfide electrolyte. The ZnS
or ZnSe buffer layer formation occurs by anion exchange method in S 2- or Se2solution at low temperature to spontaneously convert ZnO nanorods surface to
respective buffer chalcogenide due to differences in Ksp values. The J-V
measurements of such solar cell (FTO/ZnO/Al:ZnO/ZnSe/CZTS) demonstrated
a conversion efficiency of of 2.2 % with respective values of JSC, VOC and FF to
be 10.46 mA/cm2, 0.49 V and 0.43, respectively. The cell performance is
superior to its thin film based counterpart, presumably due to a multifold
increase in the interfacial area, greater degree of light harvesting and efficient
charge transport. The nanorods length, aspect ratio and inter-rods spacing needs
to be optimized for further enhancement in solar cell performance.
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Chapter 6: Solution Processed CIGS
Nanowire Solar Cells based on
ZnO/ZnSe/CIGSe Core/Shell/Shell
Nanostructures§
6.1 Highlights
A

solution

processed

approach

for

unique

one

dimensional

arrays

of

Al:ZnO/ZnSe/CuInSe2 core/shell/shell nanostructures is presented for cadmium free
low cost nanowire solar cells. Starting with FTO coated glass substrates vertically
aligned one dimensional aluminum doped zinc oxide (AZO) nanorods were grown via
seed assisted hydrothermal route. Subsequently these nanorods were transformed to
AZO/ZnSe core shell nanostructures via facial anion exchange reaction. For the
formation of CuInSe2 absorber shells over these core/shell nanonords metallic
complex solution of Cu, In, Ga and Se was formed from their halide salts. Fixes
cathodic potential of -1.0 volt was employed for electrochemical deposition of CIGSe.
As a last step in formation of complete device a counter electrode of sputter deposited
Mo was deposited using dc magnetron sputter deposition. IV characterization was
obtained under standard illumination of 100 mW/cm2. Scanning electron microscope
(SEM) and transmission electron microscope (TEM) were used for morphological
studies of intermediate nanostructures while XRD and RAMAN were employed for
structural analysis. The present results in cadmium free, low cost and efficient solar
cells.

6.2 Introduction
Global environmental issues and depleting conventional fossil fuel resources have
forced the world to explore alternative renewable energy resources, solar energy being

§

M.A. Akram, S. Javed, M. Mujahid, Solution Processed CIGS Nanowire Solar Cells based on
ZnO/ZnSe/CIGSe Core/Shell/Shell Nanostructures, in: E-MRS 2015 Fall Meeting Conference, Warsaw,
Poland, 2015.
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one of them. Among several ways to harvest solar energy is photovoltaic (PV)
technology that involves conversion of sunlight into electricity using silent, vibrationfree components. Although Si based solar modules are holding the major share in the
photovoltaic market [187] but many other emerging technologies like thin films based
solar cells [188] organic photovoltaic devices [189] and dye sensitised solar cells [190]
are also progressing rapidly. Copper indium gallium selenide (CIGS) thin film PV
technology has experienced tremendous growth over the last decade and resulted in
lab scale efficiency of 20.4% [21]. Initial success using copper indium diselenide
(CISe) led to technology commercialization during early 2000s. These chalcopyrite
based CIGS compounds possess distinct structural, optical and electrical properties
such as tolerance in wide variation of composition, high absorption coefficient [191,
192] and tune ability in band gap [193]. Despite of these associated advantages and
high reported efficiency their wide spread commercialization has not been achieved
so far primarily because of associated high production cost, high temperature
requirements, high vacuum and use of toxic gases such as H2Se or Se [112, 155, 156].
One approach to overcome these problems is by use of colloidal nano inks of CIGS to
deposit the film of absorber layer under ambient or less severe processing
conditions[194-198]. However this configuration limits the power conversion
efficiency to a lower value mainly attributed to high series resistance due to large
number of grain boundaries in path of current flow and poor p-n junction again due to
small grain size.
Solar cells with superior efficiencies can be made by use of nanostructured materials,
especially one-dimensional (1-D) nanomaterials. These 1-D nanostructures, including
nanowires, nanotubes, and nanorods, have great potential to improve efficiencies of
solar cells by expediting photon absorption, electron mobility, and electron
collection[126, 162, 163]. Nanowire (NW) morphology of I-III-VI chalcopyrite
materials can provide continuous charge carrier transport pathways without dead ends,
which is an advantage over the random p-n junctions.
Different many routes have been adopted for the synthesis of I–III–VI2 chalcogenide
alloy systems and can be classified into two broad categories (i) vacuum based and (ii)
non vacuum based. Vacuum based routes have resulted in the highly efficient cells but
are less cost effective because of sophisticated equipment involved both for vacuum
and synthesis/deposition. Vacuum based depositions include evaporation [199] and
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sputtering [200]. While on the other hand non vacuum based routes have demonstrated
less expensive synthesis means with good efficiency. Non vacuum based deposition
include electrochemical deposition [201, 202] colloidal ink based deposition [194]
involving nanocrystal synthesis via solvothermal techniques [203], hydrothermal
techniques [204], single-source decomposition, and hot-injection technique [205].
There are many reports on Synthesis of 1-D chalcogenides by different methods and
different morphologies. Ternary chalcogenide (CuInSe2) 1D nanostructures with
obtained mix morphology of high aspect ratio nano rods (12nm x 600nm) and nano
particles by elemental solvothermal reaction were first reported in 2000 [206]. Hailen
Peng et al synthesized single crystalline CIS nanowires using VLS method with help
of gold nano particles [129]. Hailen Peng and co-workers also synthesized GaSe
nanowires, nanobelts and nanotubes by VLS method using GaSe powder as raw
material and Au nanoparticles as catalyst in tube furnace at controlled high
temperatures [207] and they have also reported CdS/CIS core shell structures by
coating the CIS nanowires with CdS using CBD approach and investigated the
formation of ordered vacancy compounds at the interface of CIS/CdS [208]. Synthesis
of ternary CIS one dimensional structures using porous anodized alumina template
have also been reported[209, 210]. Solid state reaction of In2Se3 nanowires and Cu
grid have resulted in the synthesis of 1-D ternary chalcogenide nanostructures. Chen
et al have reported the synthesis of quaternary CIGS nanowires by polymer assisted
electrospun method with assistance of polymer medium [211, 212]. A report
demonstrates the reversible assembly and disassembly of CIGS low aspect ratio
nanorods in two and three dimensions [213]. Anodic alumina templates have also been
successfully used for growth of quaternary chalcogenides[133, 214]. Peter Krogstrup
have proposed tht Single nanowire solar cells can go beyond schockley-Queisser limit
[215]. Recently David T.S. et.al have synthesized CuInSe2 nanowires by facile
chemical transformation of VLS grown In2Se3 and Sputter coating of Cu at low
pressure and high temperature [131]. They were also able to make solar cell based on
individual nanowire but cell didn’t responded well (PCE<1%) due to low effective
absorbing area. XU Jun et.al[135] have successfully synthesized arrays of ternary
CISe/ZnO core shell structures and fabricated liquid junction solar cells, but due to
low conductivity of undoped ZnO and liquid electrolyte the efficiency was less than
1%. Akram et.al[42] have recently reported the synthesis of Al:ZnO/CIGSe core shell
80

rinsed with DI water and heat treated at 350°C for 2 hours. 500 nm thick layer of Mo
was deposited on above structures by dc Magnetron sputtering at working pressure of
3 mtorr of Ar at room temperature with dc power of 100 watts and base pressure of
3.0x10-6 torr.

6.4 Results and Discussion
Electron microscopy results of synthesized Al:ZnO are shown in figure 1. It can be
clearly observed that these nanorods are around 1 micron in length and ~ 50 nm in
diameter. Although these nanostructures are vertically oriented but are not perfectly
aligned as these are synthesized by seed assisted solution based route so due to the
difference in seeding orientation the angle of growth changes. Intermediate space in
between nanorods is around 100 nm which is suitable for the growth on other
semiconducting compositions. Lattice of ZnO surface is revealed by HRTEM where
(0001) planes are marked with d spacing of 0.53 nm.

Figure 6.1 Scanning Electron Microscope and HRTEM images of as synthesized ZnO
nanorods.
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Selenization treatment produces a ZnSe shell over ZnO surface due to facile chemical
reaction as represented in figure 2. HRTEM reveals that shell thickness is around 10
nm and is polycrystalline in nature. As ZnSe have cubic crystalline structure while
ZnO is hexagonal so as the phase conversion will proceed it will prefer to nucleate it’s
own lattice resulting in polycrystalline ZnSe buffer shell over single crystalline ZnO.
This polycrystalline nature is not expected to pose any problem as the charge will have
to flow in radial direction from this layer where maximum of 2-3 grain boundaries will
be encountered. EDS analysis result of buffer shell is also shown in figure 2 (c) which
represents that the synthesized ZnSe is stoichiometric.

(a)

(b)

(c)

Figure 6.2 HRTEM images of (a) a ZnO/ZnSe nanocable and (b) a ZnSe nanotube obtained
after dissolution of the ZnO core in an acetic acid solution. (c) EDS spectrum of the ZnSe
nanotubes deposited on a Si wafer, revealing a Zn/Se atomic ratio of 48:52.

Before depsosition of CISe absorber layer by electrochemical deposition, linear sweep
voltametery (LSV) at scan rate of 10 mV/s was performed using ITO substrate and
deposition solution to find the reduction potentials. Figure 6.3 reprsents the LSV result
where four distinct reduction points can be noted and are marked for corresponding
values i.e. -0.1 V, -0.32 V, -0.45 V, -0.7 V vs saturated calomel electrode (SCE).
Cupric ions (Cu+2) reduces to Cuprous ions (Cu+1) at -0.1 V by accepting one electron
and reduces further to metallic copper at -0.32 V. Reduction potential of -0.45 V
corresponds to transformation of H2SeO3 to metallic Se and at -0.7 V the indium ions
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(In+3) reduce back to In. On the basis of LSV analysis -1.0 V vs SCE was selected as
working potential for deposition.

Figure 6.3 Linear sweep voltammetry plot of solution used for deposition of CISe.

IV characteristic plot of p-CISe/n-AZO is shown in figure 6.4 and an exponential
forward bias current can be observed and slight reverse current due to leakage is also
present. Overall it is representation of non-ideal pn junction diode due to presence of
very thin and resistive ZnSe buffer layer.
Scanning electron microscopy analysis of AZO/ZnSe/CISe is shown in Figure 5. The
final core shell structures are around 80 nm in diameter and are uniformly coated with
CISe absorber layer as electrochemical deposition is not line of sight process. Surface
roughness of nanorods seems increased to some extent which is not expected to affect
badly on device. The resulting device configuration AZO/ZnSe/CIGSe in
core/shell/shell nanorod arrays can be highly beneficial for solar cell applications as
the distance for charge carriers movement is very short because they will travel in
radial direction from absorber shell to AZO core and then through one directional
directed flow in nanorods. Therefore chances of recombination decreases also there
are several grain boundaries in absorber layer while moving along axial direction of
AZO rods thereby increasing the light absorption characteristic as well.
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(a)

(b)

Figure 6.4 IV characteristics of AZO/ZnSe/CISe p-n junction diode. (a) on Linear current
scale, (b) Logarithmic current scale.

Figure 6.5 Scanning Electron Microscope (SEM) of AZO/ZnSe/CISe core/shell/shell
nanostructures.
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For structural confirmation of electrochemically deposited CISe composition similar
but thicker layer of CISe was deposited over ITO substrates and was heat treated in
similar conditions. These films were then analyzed by XRD for structural studies and
it was found that the tetragonal CISe phase have successfully formed. XRD results are
shown in figure 6 and peaks corresponding to CISe are marked by # sign and are
indexed with hkl values of planes. While ITO diffraction peaks arising from substrate
are marked with * sign.

Figure 6.6 XRD Analysis of Electrochemically deposited CISe films over ITO.

Finally the cross-section of overall device after deposition of Mo is shown in figure 7
where ITO, 1 dimensional nanostructures and Mo top film are clearly visible.
Illumination will be from ITO side and Mo will serve as back contact for this
superstrate configuration solar cell.

Figure 6.7. cross-sectional view of full device under SEM.

Performance of the fabricated device was tested under standard 1 Sun illumination i.e.
100 mw/cm2 and result is given in figure 6.8. it shows a short circuit current density
of 13.2 mA/cm2 and open circuit voltage of around 0.505 V and yielded a device
efficiency of 2.7% with fill factor of 0.4.it is important to note that this device is
86

working better than the previous configurations because electrochemical deposition
results in more uniform coverage of nanowires resulting in improved absorption and
thus short circuit current density increases which results in improved device
performance.

Figure 6.7 The JV analysis of solar cell with absorber layer deposited by electrochemical
deposition method.

6.5 Summary
In summary solution processed arrays of AZO/ZnSe/CISe have been successfully
synthesized at relatively low temperatures on ITO substrates. The conversion of ZnO
to ZnSe take place due to anion exchange process while CISe layer is fabricated from
solution by electrochemical deposition. Which results in uniform coverage and
improved interfacial contact. This experimental strategy can be extended to fabrication
of similar cell on flexible substrates.
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Chapter 7: Conclusions
In summary synthesis and surface modification of 1-D ZnO nanorods arrays with
various compositions is successfully presented for nanowired based photovoltaic
devices. aligned ZnO nanorods are synthesized by seed assisted route and
subsequently modified by ion exchange method to ZnS, ZnSe, CuSe or CuInxGa1-xSe2
to fabricate core/shell window, buffer or absorber materials for solar cell applications.
Modification by ex-situ grown absorber nanoparticles is also presented for CIGSe and
CZTSe nanocrystals. Due to the Ksp difference, conversion of ZnO to ZnO/ZnSe and
ZnO/CuSe is spontaneous via ion exchange approach in
solutions at low temperature. Solid state reaction of InxGa1-x coated ZnO/CuSe
nanocables to form ZnO/CuInxGa1xSe2 nanocables offers the nanocables with good
crystallinity and solid heterojunction contact, which is beneficial for carrier separation
and transport. The ZnO/CuInxGa1-xSe2 nanocables with tunable shell composition can
be obtained. High indium content (x) of the CuInxGa1-xSe2 shells lead to increased JSC
but decreased VOC. The array of ZnO/CuIn0.67Ga0.33Se2 nanocables with a length of 1
μm and a shell thickness of 10 nm exhibits a bandgap of 1.20 eV and yields a
maximum PCE of 1.74% accompanied with a JSC of 10.18 mAcm-2 under 1 sun
illumination. Significant improvement of photovoltaic performance is demonstrated
by employing the 1D nanocable array.
A unique solar cell configuration based on core-shell vertically aligned
nanorods assembly involving solution processing routes is also proposed and
presented. A superstrate liquid junction solar cell device is fabricated over FTO
coated glass via sequential growth of vertically aligned Al:ZnO nanorods over
ZnO blocking layer, a thin ZnS or ZnSe layer formation through ion exchange,
CZTS nanoparticles deposition and subsequent joining with the Cu 2S counterelectrode with inter-electrode space filled with polysulfide electrolyte. The ZnS
or ZnSe buffer layer formation occurs by anion exchange method in S 2- or Se2solution at low temperature to spontaneously convert ZnO nanorods surface to
respective buffer chalcogenide due to differences in Ksp values. The J-V
measurements of such solar cell (FTO/ZnO/Al:ZnO/ZnSe/CZTS) demonstrated
a conversion efficiency of 2.2 % with respective values of J SC, VOC and FF to
88

be 10.46 mA/cm2, 0.49 V and 0.43, respectively. The cell performance is
superior to its thin film based counterpart, presumably due to a multifold
increase in the interfacial area, greater degree of light harvesting and efficient
charge transport. The nanorods length, aspect ratio and inter-rods spacing needs
to be optimized for further enhancement in solar cell performance.
At the end of thesis all solution processed arrays of AZO/ZnSe/CISe have been
successfully synthesized at relatively low temperatures on ITO substrates. The
conversion of ZnO to ZnSe take place due to anion exchange process while CISe layer
is fabricated from solution by electrochemical deposition. Which results in uniform
coverage and improved interfacial contact. This experimental strategy can be extended
to fabrication of similar cell on flexible substrates.
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Chapter 8: Future Work
x

Parametric studies on vertically-aligned ZnO nanorod arrays with different
aspect ratios

x

Deposition of high aspect ratio vertically aligned ZnO nanowire arrays for PV
and/or gas sensing application: The performances of liquid junction nanowire
solar cells (CIGS or DSSC) employing high-aspect-ratio AZO nanorods used
as the photoanode material will be investigated. The structural, morphological,
optical, and photovoltaic characteristics of ZnO and AZO nanorod arrays
synthesized using different precursor concentrations and growth temperatures
(90-160 °C) shall also be examined. The effect of the use of poly ethanol amine
on these characteristics will be explored.

x

Effect of buffer and absorber layers composition on performance attributes of
liquid junction nanowire solar cells: Further progress on the recent
developments in liquid junction solar cells can be made by making and testing
solar cells with ZnSe or CdS buffer layer and CZTS or CZTSe p-type
semiconductor layer. Using vertically-aligned Al:ZnS nanorods assembly, the
desired buffer and absorber layers can be deposited followed by testing of the
solar cells.

x

CZTS/CZTSe films produced from sulfurization/selenization of multilayer
stacks of electrodeposited Cu/Zn/Sn films: Using Mo-coated sodalime glass
substrates, Cu, Zn and Sn metallic coatings of different thicknesses will be
electrodeposited. The effect of electroplating conditions including salt
concentration, applied voltage and time on the film thickness and morphology
will be investigated. Different sulfurization and selenization treatments will be
carried out to convert metallic layers into phase pure CZTS or CZTSe
composition for subsequent exploration in thin films and/or nanowire solar
cells.
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