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Preface

Solar energy is a never ending source of energy. World needs energy
and energy consumption is increasing day by day. When we see statistics
of electricity production from different energy sources most of the coun-
tries depend on oil, natural gases and renewable energy sources. Among
different renewable energy sources, hydro power, wind and solar energy
sources dominate nowadays. In solar energy harvesting, either we can
utilize heat of solar radiation(solar thermal power units) or depend on
direct conversion of light energy to electrical energy. Second one is called
“photovoltaics” and most of the energy conversion from solar radiation is
taking place through photovoltaics. The device that can perform energy
conversion is called “solar cell”. In markets, crystalline silicon solar cells
have monopoly of contributing to most of the energy needs. Presently
people are thinking about new semiconductor materials capable to re-
place silicon solar cells mainly because of the difficulty in disposal as well
as high cost of production. Among such materials, CIGS and CZTS are

well known and established candidates for thin film fabrication.

This thesis particularly describes about new and novel material
“Copper Zinc Sulphide(CZS)”. All the elements in this compound semi-
conductor material are earth abundant, nontoxic and cheap. In this work,

we also try to develop solar cells using CuZnS. The methods we adopted



for the fabrication are “chemical spray pyrolysis (CSP)” and “chemical
bath deposition (CBD)” which are popular non vacuum techniques for

thin film fabrication.

Chapter 1 describes importance of solar energy source among different
renewable energy sources and how much it can contribute globally to
the electricity production. It describes in details the possibilities of solar
energy and how can we extract and utilize it. Then a detailed description
is given on the present status of different solar cell materials and how
much efficiencies have been reached in 2018. Following this, we have
given description of different thin film solar materials which are available
in market and their contribution to power production. Finally we explain
how we developed this new material CuZnS as an absorber layer in solar

cells, followed by a short review on CuZnS.

Chapter 2 deals with fabrication of CuZnS material using CBD tech-
nique. Material has double band gap, which is clearly explained. Then
it describes about structural and compositional analysis using XRD and
XPS; these studies proved that the material exists like a mixture of CuS
and ZnS. Raman analysis confirms picture of the material as an alloy
(mixture of two different phases) which is described in detail. Photolu-
minescence studies of the material showed dominance of CuS and ZnS
related emissions according to the concentration of elements in it. In
the following sections, electrical properties using Hall measurements are
explained; this showed that the material properties can easily be tuned
by varying the concentration of elements in the material. In final section,
properties of solar cell devices fabricated using CuZnS materials are well
described.

Chapter 3 explains about the deposition of CuZnS material using CSP



(keeping the concentration of Zn constant and varying that of Cu) tech-
nique and their characterizations. From XRD, Raman and XPS analysis,
we could confirm the alloy nature of the material and existence of two
independent phases viz., CuS and ZnS, which is well explained in first
section. In the section dealing with studies on electrical properties using
Hall measurement setup, the conductivity type conversion from n to p is
clearly explained which is a promising result. In final sections the char-
acterizations are extended to samples prepared at different temperatures
and from this we came to the conclusion that material prepared at the
temperature of 350°C' is quite good. Material shows good mobility and
minimum roughness at this particular temperature and hence we decided

to choose this particular temperature for device fabrication.

Chapter 4 describes the junction fabrication using CuZnS with different
buffer layers. In first section, details of devices fabricated using CuZnS
with CdS are given. The studies reveal the possibilities of CuZnS mate-
rial acting as good absorber layer in solar cells as they show good open
circuit voltage and considerable short circuit current values. In the next
section, detailed description of devices fabricated using CuZnS and ZnS
is given. Unfortunately devices with ZnS do not show any light activity
and hence we were forced to shift from ZnS to other buffer layers like
Indium sulphide which is explained in the next section. Indium sulphide
seems to be a good candidate for CuZnS for cell fabrication as they show
good open circuit voltage (above 400 mV) and short circuit current which

is included in final section.

Chapter 5 presents the deposition of CuZnS having different concen-
trations of Zn, keeping concentration of Cu constant. In the following
sections, properties of deposited samples are well explained. We could

see that even though CuZnS material exists like mixture of CuS and ZnS



phases, the presence of Zn seems very necessary for the formation of CuS
crystalline phase, which is explained with the help of Raman and XRD
analysis. Final section contains major observations from XPS analysis of
cells fabricated using CuZnS samples. We could see that, in addition to
CuZnS and Indium sulphide phases, Copper Indium Sulfide (CIS) phase
is also formed in the devices which enhanced the performance of the cell
and hence the efficiency of devices. This is well explained in the final

section.

Chapter 6 summarizes the major conclusions obtained from this PhD

work, and discusses some potential areas for future works.
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Chapter 1

An introduction to renewable
energy and importance of
CuZnS in photovoltaics

1.1 Introduction

When we see statistical review of world energy 2018[1], it is clear
that energy consumption is increasing at the rate of 2% to 2.5% per
year in last 30 years. Period of two decades (from 1985 to 2005) shows
most challenging growth in energy consumption which is about 2.4% .
Interestingly China and India are consuming more energy on comparison
with other countries. Energy consumption of India is almost constant in
last 30 years while China’s statistics is like, increasing in the first 25 years
and then a small decrease in growth in final years. All other countries
have almost same growth statistics during these years. It simply says that
energy consumption of the whole world is increasing year by year, which

leads to more intense search for energy for future. Demand of energy(and
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much more dangerous than this, the pollution created by the extensive
usage)definitely forces all countries to other energy sources or in other
words, in addition or as a substitution to all the conventional energy

sources, renewable energy sources are becoming inevitable in future.

In the world statistics of energy, rate of consumption and production
are proportional in the case of 0il[2|, gas, nuclear, hydroelectric power
and renewable energies. However in the case of coal, production consid-
erably decreased due to less consumption. Presently the most important
and popular energy sources are renewable energy sources. Energy con-
sumption from different energy sources during 1965 to 2016 is showing
different consumption values. In case of oil, in first 3 decades, consump-
tion is increasing at about 10% and then decreasing to 20% of the initial
value; still oil consumption remains maximum. Second source is coal|3, 4]
which at the beginning was about 40% of the total consumption then it
decreased to 30%, remaining more or less stable at the same value. Gas
consumption was only about 15% at the beginning then it subsequently

increased to 30% in last 50 years.

In the world picture, hydroelectric power consumption is only about
6% and it maintains the status without any variation in the value for last
50 years[5]. Nuclear is one of the prominent energy source when Europe
is concerned. A very huge hike was observed between 1980 and 2010 in
nuclear energy consumption, but after that improvement is comparatively
low[6]. Finally in case of renewable energy sources, very clear growth is

observed after 2005 and it is going on increasing.
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When we see the global energy potential and consumption of renew-
able energies, sun has 1,73,000 TW capacity. From tidal energy sources,
0.3 TW energy is being produced. Geothermal energy source(0.3 - 2
TW) is bit higher than wave energy source(0.2-2 TW). Hydroelectric
power has capacity of about 3-4 TW and Biomass fuels has around 2-6
TW. Wind has a huge capability of about 25-70 TW[7]. At the same
time when we see the statistics of non renewable energy sources, coal has
huge reserve of 900 TW-yr. In case of Uranium it is about 90-300 TW-yr.
When we consider oil and natural gas sources, these have 240TW-yr and
215 TW-yr respectively. Total energy consumption of the world is about
power of 18 TW- yr which means that our needs can easily be solved

with renewable energy sources.

Next we can see economical statistics of different renewable energy
sources. There is a term “ EROEI 7, which is “ Energy Return Over
Energy Invested ” that is actually the ratio between "energy returned
and energy invested"[8]. If the ratio is 1:1, we get equal amount of
money in return after the investment. Economists say the ratio should
be at least 3:1 i.e. the gain should be at least three times larger. In
case of coal the EROEI, 80:1 i.e. 80 times money is returned with coal.
Hydroelectric power has the highest EROEI which is 100:1[9, 10]. Even
for small scale power production using wave and tidal energy sources, we

have 15:1 EROEI.

Solar energy sources can be classified as “active” and “passive” solar

energy techniques. Passive solar thermal techniques are very effective
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though their economic gain is very low (about 2:1); with good insulating
systems, one can utilize even direct solar heat through windows. In
the case of active solar energy techniques (like photovoltaics)one can get
EROEI of about 6.8:1 which will increase in next 5 to 10 years. Even in
the case of geothermal power sources EROEI is high (about 9:1) and can
be utilized with more concentration. Only disadvantage is high emission
of greenhouse gases like CO,. Wind energy is very useful if it is properly
used; wind power systems have economic gain of about 18:1 which is
high when compared to other power sources. Along with all these, some
countries very cleverly use hydrogen for energy; however for large scale
production, this has to be done only after taking proper precautions due

to security issues.

In India, world’s largest solar power plant was installed by 2016 in
the place "Kamuthi" near Madurai in Tamil Nadu; this is maintained by
Adani Group. 3250 acres of land was allotted for that. This huge power
plant can deliver 648 MW which means that it meets energy needs of
300,000 homes. In 2013, a massive project was completed in California
which is capable to deliver 579 MW. In biomass catagory, fuel wood has
gain of 25:1 which is economically viable. Especially in mountain areas
and forest areas wood fuel is more dependable for energy. But main
problem with charcoal and wood is deforestation and excess amount of
COy release|[11]. Presently world mainly depends on fossil fuels like coal,
petrolium for energies(almost 67%). Approximately 11% of energy is
from nuclear power sources and remaining 22% from renewable energy

sources. Countries like UAE, Saudi Arabia, Oman, Botswana, Libya,
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Jordan etc are totally depending on fossil fuels for energy commitments.
90% of their energy needs are being fulfilled by fossil fuels, due to avail-
ability of high oil reserve and naturally the most convenient option would
be fossil fuel sources for energy generation. But there are some coun-
tries which completely depend on renewable energies; these are Ethiopia,
Nepal, Albania, Tajkistan, Zambia, Namibia, Mozambique, Iceland, Nor-
way etc. Iceland gets most of its energy from geothermal energy sources.

All other countries are depending on hydroelectric power plants.

France is the country which depends on nuclear energy to fulfill
at least 74% of energy needs|12, 13]. When we see picture of Europe,
most of the countries like Sweden, Finland, Slovakia, France, Switzer-
land, Hungary etc depend on nuclear power plants. However US remains
dependent on fossil fuels for about 70% of whole energy needs. Nuclear

energy comes around 20% only and renewable around 10%.

1.2 Renewable energy

China is the country which produces 25% of their whole electricity
through solar power technologies[14]. Then comes Japan and Germany
producing 14% and 13% respectively. United states, Italy and UK are
below 10%, while India produces just 2% of the whole power, which is
equal to approximately 9000 MW. Mainly photovoltaic solar panels are
contributing to energy production and in parallel, solar concentrators also
produce large quantity of thermal energy|[15, 16]. Very recently(2008 to
2013) China has become the most emerging country in photovoltaics.

In every year they improve their solar energy production capacity by

5
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Figure 1.1: Statistics of electricity production from different renewable
energy sources

13% during last 5 years. Mainly the increase in growth started from
2015 and they concentrate on polycrystalline silicon production. Japan
is the second in photovoltaic energy production. They produce 4% to
5% of their power through solar technologies and 14% power through
renewable energy sources. Germany is the country which has installed
capacity, around 40000 MW. By the year 2030, they are planning to have
50% of power production through solar photovoltaics and by 2050 it is
expected to be 80%.
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1.3 Emergy production using renewable en-
ergy sources and the statistics

When we see the statistics of world energy production between 2010
and 2040, among different renewable energy sources, hydroelectric power
source dominates. Almost 80% of contribution in 2010 was from hydro-
electric power sources. Then 10% of contribution was from wind energy
sources and in 2015 the contribution improved to 15%. During 2010, pho-
tovoltaics was not at all an attractive source; but its improvement is very
clear from statistics and percentage of contribution from this source in
2040 seems to be very promising[17]. Obviously geothermal and other en-
ergy sources do contribute to energy production and the statistics shows
that these are constant in percentage when years proceeds. However in
the case of hydroelectric power sources, growth is coming down from 2010

to 2040[18].

1.4 Photovoltaics and different Thin film so-
lar cell materials

Photovoltaics involves direct conversion of light into electrical energy
and the device that does the work is called “solar cell”. First solar cell
was invented in BELL laboratories in 1954 having efficiency about 6%
and material was silicon. Main persons behind the device were Gerald
Pearson, Daryl Chapin and Calvin Fuller. Light sensitive materials can
absorb light and they are able to generate electron-hole pairs. Crystalline

Silicon was used for the solar cells; this type of cells became very popular

7
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and are also known as ‘First Generation Solar Cells’. After silicon era,
there came a new generation called “Thin film solar cells". Third genera-
tion is organic solar cells and recently the fourth generation has evolved
which is solar cells using bio/defect assisted semiconductors/nano mate-

rials.

Most common materials are single crystalline silicon[19] and GaAs|20,
21, 22|. These two are mainly controlling photovoltaic market on earth
and in space respectively. Other materials of course in thin film so-
lar cells are CdTe (which has Zinc blend structure)[23] , Copper Indium
Selinide(CIS)[24, 25|and Copper Indium Gallium Selinide(CIGS)|26] and
finally CZTS|27|with the speciallity that its elements are cheap, earth

abundant and non toxic.

On searching for record efficiencies of single junction thin film PV
technologies, one can see that there are many materials exhibiting high
efficiencies. CuS/CdS is the candidate born along with Silicon cells in
1953, exhibiting an efficiency of 10%. Similarly CulnS,/CdS cells had
efficiency of around 11% efficiency while kesterite material CZTSSe had
efficiency around 12.6% whose structure is similar to CZTS|28]. GaAs is
the most efficient material among thin film solar cells and has efficiency
around 28%. Amorphous Si cells have efficiency about 13.4%, which is

very commonly used for indoor applications|29, 30].

Perovskites are one of the recently developed materials; but unfor-
tunately it has strong stability issues which are yet to be solved|31].

Likewise CulnSe, also has good potential and cell based on this material
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had efficiency of 15.4%. Most promising thin film materials in the mar-
kets are CIGS(which is developed from CulnSes) and CdTe which are
having band gaps of around 1.15 eV and 1.4 eV; in the case of efficiencies
also they have 22.9% and 22.1% respectively in lab scale.

Crystalline silicon solar cells have good advantage of having large
grain size along with high mobility(for electrons the mobility is around
1400 ¢cm?/VS). Mainly two kind of silicon solar cells are there; one is crys-
talline and other one is amorphous. Crystalline silicon solar cells have
efficiency of about 26% in lab and amorphous silicon has 14%. Crys-
talline Silicon has the monopoly of solar cell in markets because of fast
and stable technology development and/or back up due to intense re-
search development. However Silicon has many disadvantages like high
cost of production, difficulty in processing as well as purification of semi-
conductor silicon etc. As we know silicon is a poor absorber which has in-
direct band gap and needs more thickness to attain expected absorbance
(about 200 nm). Moreover disposal of expired solar cell modules will be

the major problem for environmental scientists in the near future.

As stated earlier, thin film solar cells are the second generation solar
cells. Comparing to crystalline silicon solar cells, thin film solar cells need
less material requirement. A variety of processing methods applicable
for thin film solar cell production. Again weight of solar cell is very less
comparing to silicon cells as thickness in this case is just few hundred
nano meters instead of microns. In defense, nowadays thin film are very

widely used for the exclusion of heavy batteries. Variety of thin films
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are suitable for solar cell production. In thin films, more than single
semiconductor materials, compound semiconductors are preferred. Such
materials can easily be doped so as to modify material properties or
according to the needs even band gap can be changed. Comparing to
silicon cells; efficiencies are low but enough can be produced employing
economically viable techniques for commercial uses. Cost of production
of thin film solar cells are very low on comparing to silicon solar cells,
much more than that, re-usability of materials is possible here through
rather simple chemical methods. This prevents accumulation of dead

solar cells as waste.

Thin film solar cells are having many advantages over commercial
silicon wafer panels. Low cost of production per watt, different options
for deposition, and requirement of less quantity of the material are a few.
Simultaneously power consumption for fabrication is much less. All these
result in reduction of production cost considerably. Thin film cells can
be folded provided these are deposited over any flexible materials. Apart
from Si thin film solar cells, CIGS and CdTe solar cells are very much

established in technology and hence commercially implemented.

National Renewable Energy Laboratory(NREL) has tabulated best
cell efficiency(Fig.2)values on lab scale[20]. The most efficient solar cells
are multijunction solar cells which have efficiencies of 45% where differ-
ent solar cells are arranged to get array of cells, for absorbing different
wavelengths. They are coming under the division of “concentrated so-

lar cells”(4 or more junction) where light is concentrated to a particular

10
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portion of solar cell using high power mirrors/lenses.

Then another highly efficient material is GaAs(single crystal) which
has reached an efficiency around 29%. Single crystal silicon is there
at 27% efficiency and below is heterostructure silicon at 28%. Multi
crystalline silicon cells reached 23% of efficiency in lab scale. Among
single junction thin film solar cells, CIGS is most efficient. CIGS has
reached efficiency of 25% in 2017. CdTe based cell is also equally good
in efficiency but due to some toxicity issue some countries avoid Cd and
Te based solar cells. Amorphous silicon cells are very established in
markets due to their good efficiency and flexibility. They have efficiency
about 14% in lab scale. The next generation of solar cells are based on
organic polymer materials and some blended organic metal materials like
Perovskites. Dye sensitized solar cells(DSC) came in 1990s and efficiency
of DSC is presently around 13% in lab scale. Unlike other thin film
materials, CZTS is an upcoming and non toxic, novel material in solar
cell field. CZTS cell has an efficiency of about 12% in lab scale. But
in case of CIGS, Indium and Gallium are very expensive and in CZTS,
we are replacing these with Zinc and Tin, which are earth abundant and
cheap. Like CZTS there are other options from CIGS; one is Copper Tin
Sulphide(CTS) and the other one is Copper Zinc Sulphide(CZS). CTS
is promising material in photovoltaics, and researches are going on with
an intention that it is to be developed as a good absorber layer in solar

cells.

In Copper Zinc Sulphide, we are avoiding Tin due to its corrosive

11
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nature. Researches in CZS started in 2010 by a Nigerian group. Due
to the easiness of tuning the properties of CZS, material can be easily
changed from absorber to buffer layer(material can show two conductiv-
ity and two band gaps i.e. n and p conductivities and two band gaps
according to difference in Cu concentration). At higher concentration of
Cu material can make it absorber layer and at lower Cu concentration
this can become buffer layer. At lower Cu concentration material can also
act as transparent conducting material(TCM) which is having attraction

in transistors and LEDs.

1.5 CuZnS a novel material for photovoltaics
and optoelectric devices : a brief review

CuZnS is a new material in the field of photovoltaics. Basically it is
a mixture of the two compounds CuS and ZnS. This material is similar
to well known CZTS except the element Tin and indeed this results in
variations of properties making it much more suitable for photovoltaics.
Very few publications are there dealing with studies on this material. If
CZTS is a well known absorber material with high coefficient of absorp-
tion and good crystalline structure, this new material CZS can act as
either absorber or window layer depending up on the concentration of

Copper in it.

Reports on CZS so far mainly explain the p type nature with high
conductivity and transparency. Major aim of all works is to develop the

material as a good p - type transparent conducting material for optoelec-

13



14 Chapter 1. An introduction to renewable energy and CZS

tric devices. Addition of Cu in ZnS material affects its conductivity and
on increasing Cu concentration, the material becomes p type, maintain-
ing high conductivity. Another important peculiarity is that it exhibits
two different band gaps at the same time. This double band gap nature

enables it to absorb different photons of different energies.

Diamond et al.[32] said about possibility of dual donor co-doping
of ZnS with elements Sn and F. He also added that there are some re-
ports supporting p type doping with elements Li and N. He also con-
cluded that degenerate hole concentrations was achievable in sulphur
rich conditions. Another important factor is that there are only very
few Transparent Conducting Material(TCM) having wurtzite crystalline
structure. CuZnS will definitely have crystal structure matching with
so many n type buffers as wurtzite structure is found to be matching
with many materials. Diamond also suggests sulphur rich, zinc deficient
or Cu rich condition is favorable for p type conductivity where Fermi
energy level comes very close to valance band. In this paper(from Xray
diffraction pattern) it is reported that peak positions of ZnS and CZS
are same, While with XPS, difference in binding energies of Cu, Zn and
S in CuZnS and ZnS are very clearly depicted. Finally he succeeds in
fabricating transistor using p type CuZnS and n type ZnS having high

tansparency.

Uhuegbu et al.[33] explained change in absorbance, reflectance and
transmittance with different ratios of Cu, Zn and S. He reported vari-

ation in thickness with increase in sulphur concentration. Absorbance

14
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increased with increase in sulphur content(as thickness increases with
sulphur content). For film having thickness of 280 nm, absorbance is
double that of film having thickness about 240 nm. In this paper it is
also suggested that CZS can exist like CuZnS, CuZnS,, CuZnS; etc. Tt is
also reported here that there is high transmittance in visible region and
absorbance in UV and infrared region of the spectrum. He suggested
that, this property of transmitting visible light makes these films useful
for solar transmitting films especially in solar thermal systems. Que et
al.[34] explained possibility of using CuZnS as green light emitting de-
vices. He explained the green luminescence as due to transition between
conduction band to Cu?* level in ZnS band gap. It has emission from

490 nm to 530 nm.

Ichimura et al.[35] studied CuZnS in detail and reported many opti-
cal properties. He reported variation in absorption with variation of Cu
and Zn concentration and also calculated composition of different samples
deposited with different concentration of elements in solution. This study
showed that there is large variation of composition of samples which is
proportional to concentration of elements in solution(Here it is Cu and
Zn). Along with these he reported variation of band gaps of different
samples having different concentrations of elements. Band gap is varying
from 2 eV to 3.6 eV with variation of Cu and Zn concentration in solution.
Variation of pH was another study he has done and explained complexity
of deposition as well as precipitation. Structural study with XRD analy-
sis indicated that samples are amorphous in nature. With Photo Electro

Chemical(PEC) measurements Ichimura proved capability of material to

15



16 Chapter 1. An introduction to renewable energy and CZS

generate carriers with illumination and strongly recommends for using in
solar cells. Using photosensitivity study of samples increase in generation

of carriers was also proved.

Yang et al.[36]reported preparation of CuZnS using electrochemi-
cal deposition method. He deposited different samples at different pH
values using lactic acid, and there film formation occurred at different
deposition potentials. He suggests occurance of material is like alloy and
phases of CuS and ZnS are there. PEC measurements indicated that
the material was very much light sensitive and with illumination, more
minority carriers were generated contributing to photo current. Morpho-
logical analysis using SEM showed good compact and continuous surface.
Raman analysis showed very good peak of CuS and this befits the fact
that material exists as mixture of CuS and ZnS. Transmission spectra of
samples show a gradual decrease in transmission with decrease in Zn/Cu
ratio. PEC measurements showed considerable increase in negative cur-
rent with illumination which means that minority carriers (electrons) are
generated with light absorption and increase in current density is also
very clear. Here Yang et al. confirmed the capability of this material to

respond to light.

In another article, Yang et al.[37] explained about p type conduct-
ing possibility of this material (i.e. CuZnS) in the future. Even with
very small amount of Cu one can make CuZnS a transparent conduc-
ing material. The band gap comes around 3.3 eV which is very near to

the band gap of ZnS and ZnO. It is to be specifically noted here that
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1.5. CuZnS a novel material: a brief review 17

electrical properties are very much varied with Cu doping. He studied
transmission spectra of CuZnS which clearly showed that the material
has transmission in visible region. CuZnS films show transmissions of
around 60 to 80% which is considered to be high in case of transparent
conducting materials. He also strongly suggested that the material is an

alloy and the high transmission also show that Cu is not existing as CuS.

Kitagaw et al.[38]suggested that there was drastic variation of resis-
tivity with decrease in Cu concentration. He noted that when concentra-
tion of Cu is below 18% the material became highly resistive so that it
could not be measured using normal conductivity measurements. Band
gap varied from 2.3 eV to 3.4 eV and carrier concentration was in the
order of 102'cm™2. Mobility was around 107!, which was low. He fab-
ricated a solar cell with CZS and Indium Sulphide in which he claimed
the formation of Copper Indium Sulphide, which was not present in Xray
diffraction analysis because of low thickness of the interlayer formed be-
tween CZS and Indium Sulphide. This paper proved how spray pyrolysed
CZS acted as good absorber with Indium sulphide buffer. Cell having
higher Cu concentration had higher efficiency. When percentage of Cu
was about 20% to 33% efficiency was about 0.5%. But When the cells

had Cu concentration of 55% to 60%, efficiency was about 1.5%.

W.Q. Peng et al.[39] studied photoluminescence of Cu doped ZnS.
Doping was done using very small quantity of Cu (about a maximum of
2%). Structural characterization gave good crystalline structure of ZnS

and no peaks of Cu or CuS were observed. In transmission electron mi-
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18 Chapter 1. An introduction to renewable energy and CZS

croscope image particle size was observed around 3 nm and lattice fringes
were very clear, which indicated crystallinity of the particles. Particles
exhibited blue emission; but here along with blue emission a green emis-
sion was also observed. Peak around 450 nm was attributed to trap states
emission due native Zinc vacancy in ZnS. He suggested that with more
Cu?* chances for defect level formation was high. This was confirmed
with peaks around 411 nm and 455 nm which enhanced with doped sam-

ples.

Tong et al.[40] deposited CuZnS using photochemical deposition
method and studied structural and optical characterizations. Struc-
tural studies of annealed samples indicated peaks corresponding to ZnS
(zinc blend). For lower temperature annealing crystallinity was not ob-
served(no peaks of ZnS were observed). From Augur Electron Spec-
troscopy (AES), composition of samples was measured. It showed increase
in Sulphur content after annealing of samples. But in optical band gap
measurements, there was no considerable variation in bangaps and trans-
mission spectra. He suggested that Cu would be distributed throughout
CuZnS phase and no chances of CuS formation was there. In PEC mea-
surements, annealed samples gave more negative photo current which
clearly indicated that the response was definitely p type. Cu could be
acting as acceptor and in amorphous samples(i.e. comparing to annealed

samples) role of Cu is not clear.

Wei-Shih Ni and Yow-Jon Lin[41]| reported different properties of

CuZnS films prepared using solution method. They found that Cu con-
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tent in the films were lower than that in the solution. Higher resistive
samples were not showing any response towards Hall measurement setup.
It was also suggested that hole concentration increased with increase in
Cu concentration. Another interesting observation was that concentra-
tion of sulfur changed with increase in Cu concentration; simultaneously
donor density reduced. This paper revealed relation of concentrations of

Cu, Zn and S with sulfur vacancies.

Uhuegbu et al.[42] reported CuZnS deposited using chemical solution
method. In this paper it was reported that there was increase in trans-
mittance with decrease in thickness(transmittance varying from 60% to
20%). Authors proved that there was a probability for formation of
materials like CuZnS;, CuZnS; and CuZnSs;. Through a plot between
absorption coefficient and photon energy, it had been proved that for all
compositions of Cu, Zn and S the value increased with photon energy.
Interestingly this material has different nature in band gap properties;
some showed both direct band gap while others had indirect band gaps.
In the same way, optical conductivity of the material is increasing with
increase in photon energy. But in lower energy region i.e. around 1.5
eV, the conductivity shows opposite nature where it is decreasing with
increase in photon energy. Extinction coefficient of the material is de-

creasing with increase in photon energy.

Very recently in 2017, Jose et al.[43] deposited CuZnS films “SILAR”
method and characterized. They observed a ‘petal-like’ structure for Cu

rich samples and for Zn rich samples, these were aggregated to form
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20 Chapter 1. An introduction to renewable energy and CZS

clusters. Very nice ‘petal like flower’ structure was reported in the
manuscript. Basic trend was that when Cu increases, grains become
small. Using XPS analysis Jose et al. found out that major portion of
material was CuS phase and hence there was large chance for Cu atoms
replacing Zn. When Zn is introduced normal CuS phase get distorted
and non stoichiometric phase of Cu, Zn and S would be formed. Then
whole material behaves like an alloy where major portion was CuS. XRD
analysis also showed characteristic peak of CuS and in Zn rich samples,
an extra peak was formed indicating the material existed as “Zn incor-
porated CuS” or non stoichiometric CuZnS. They could see some change
of CuS peaks in Raman analysis, when Zn is incorporated. The Raman
shift towards left side of original peak indicated that bond strength be-
tween Cu, Zn and S changed. This paper also reports that all samples
show p type conductivity.

Corrado et al.[44] studied photoluminescence properties of ZnS(which
is Cu doped). They could find blue shift in emission and red emission.
This is very clear evidence of Cut. Eventhough Cu doping is in low
percentage, CuS is formed with bond length around 2.27A°. They com-
pared the PL emission properties of this Cu doped ZnS nano cystals
with bulk Cu doped ZnS. In both materials the PL peaks(CuS peaks)

are broadening with temperature indicating increase of bond length.

Innocenti et al. deposited CuZnS films using electrochemical pro-
cess, on Ag substrate, in two sequences. Stripping voltammetry studies

gave exact conditions for deposition of CuS and ZnS. Apart from that,
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these authors described exact condition for formation of CuZnS material
using stripping voltammetry. Films grown with this had low Zn concen-
tration. The material fabricated on Ag substrate had band gap of 1.6 ¢V

which is very suitable for solar cell fabrication.

Yildirim et al.[45] reported on CuZnS films, grown using “SILAR”
method on glass substrate.They characterized samples after annealing
at different temperatures and found that maximum temperature which
it could withstand was 400°C. From XRD analysis it was observed that
all films were amorphous. In morphological analysis using SEM, CuZnS
was found to be non uniform on glass substrates. These samples were
photosensitive and it increases with increase in intensity of light and

decreased with increase in annealing temperature.

Ramos et al.[46] deposited Cu doped ZnS as transparent conducting
material using CBD. In this work they first deposited ZnS and then
doped Cu which brought some changes in ZnS. Though ZnS deposited
was crystalline( cubic) in nature, introduction of Cu made it amorphous.
Also there was decrease in transparency of the films from 80% to 60%.
In the case of band gap, doping resulted in slight decrease from 3.8 eV
to 3.76 eV. All samples were electrically p type in nature and resistivity

was in KQcm.

Ichimura et al.[47] in 2015 reported fabrication of a heterostructure
between CuZnS and ZnO on ITO. They used transparent CuZnS having
60% transparency and the ZnO layer had transmission about 80%; the

combined structure exhibited transmission of about 30%. The whole
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22 Chapter 1. An introduction to renewable energy and CZS

setup exhibited efficiency about 10™#, with short circuit current of about
0.01 mA/cm? and open circuit voltage of about 200 mV. This was the

pioneering work on transparent cells.

Ichimura et al.[48] reported heterojunction Cu,Zn, S/ZnS using pho-
tochemical deposition method and the heterostructure was totally trans-
parent in nature. These samples were having high transmission about
70% in visible region. The peculiarity was that the junction showed

rectification and photo response properties in AM 1.5 irradiation.

Xu et al.[49] reported on chemical bath deposited CuS and ZnS nano
composite and their combination with Si, forming hetero junctions. Ra-
soul et al.[50] reported on Ni and Cu doped ZnS particles prepared using
solution method. Kim et al.[51] reported possibility of Ga and Cu doping
in ZnS. Similarly Owens et al.[52] found high temperature magnetic order
in ZnS doped with Cu. Different properties like 'mechanoluminesense’
were also found in Cu doped ZnS which was reported by Shin et al.[53].
Photoconductive properties of Cu doped ZnS, which was reported by
Shrivastava et al.|54] gave clear confirmation of the material to be used
in solar cells. Behavior of Cu doping in ZnS is totally different from
doping in nano structures like quantum dots. Behavior of Cu doping in

quantum dot ZnS was reported by Lee et al.[55].
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Chapter 2

Deposition of thin film CuZnS
using Chemical Bath Deposition
and characterization

2.1 Introduction

Nowadays different research groups all over the world are deeply
involved in developing eco-friendly and economic thin film solar cells|1].
These groups try to incorporate earth abundant materials in solar cells.
CZTS is a well known absorber material which has only earth abundant
and eco-friendly elements. Like CZTS, we tried to develop a new material
called Copper Zinc Sulphide(CZS) where the material is simply a new
one which is ‘CZTS without Tin’. CuZnS is a good candidate for the
development of TCM( Transparent Conducting Material) and here we
try to develop the material CZS as an absorber material for solar cell

fabrication|2, 3.
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Most of the research groups started fabricating the material through
doping Cu in ZnS and then slowly increasing the concentration of Cul4,
5]. At lower concentration of Cu, material behaves like TCM whereas at
higher concentration of Copper, material generally behaves as absorber
material and in appearance it would not be transparent too. As we are
interested in solar cell fabrication we concentrated on making a good

absorber layer.

CuZnS material was fabricated using different methods by different
groups, some of the deposition techniques are photochemical deposition|6],
pulsed vapor deposition|7|, electrodeposition|8], SILAR|9|, spray pyroly-
sis [10] and chemical bath deposition|11, 12]. Here we started depositing
material using chemical bath deposition technique as it is very simple
and cost effective for thin film deposition|[13, 14]. Materials like CdS,
ZnS and CuS are very common candidates being deposited using this
method[15, 16]. Here there is no need of vacuum and high power electric-
ity. Deposition conditions can be easily changed for different compounds.
Almost 18%][12] efficiency is reported for ZnS - Cu(In,GA)Se, solar cell
prepared using chemical bath deposition. It is worth mentioning here
that for methods like electrodeposition we need to use conducting ma-
terial like ITO or FTO while for pulsed laser deposition and sputtering
we need to use different targets at the same time. But in the case of
CBD, it is a matter of using a solution containing necessary elements as
constituents; ofcourse one need to maintain the pH and temperature of
the solution carefully. In this particular chapter we describe CuZnS ma-

terial deposition using CBD technique, their characterization and device
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fabrication.

2.2 Experimental techniques

Soda lime glass was the substrate that we used for deposition of
CuZns films. Deposition conditions were decided from deposition of CuS
and ZnS reported in various articles|17, 18, 19]|. First we smeared sub-
strates with alcohol, using tissues made wet with propanol and water.
Then sonicated the substrates in fresh propanol for 15 minutes and fi-
nally boiled in chromic acid for 20 minutes. All substrates were rinsed
properly using deionized water to assure that there is no acid droplets.
Copper sulphate, Zinc sulphate, Thiourea and Sodium thiosulphate were
the precursors used for deposition of CZS. As complexing agents Tri-

ethanolamine(TEA) and Ammonia solutions were used.

Sample | CuSOy4 (ml) | ZnSO4(ml) | Thiourea(ml) | NayS;03(ml)
S1 2 4 2 4
S2 2.5 4 2 4
53 3 4 2 4
54 3.5 4 2 4
S5 4 4 2 4

Table 2.1: Experimental details of the deposition of CuZnS

The reaction bath was prepared by mixing 4 ml of(0.1 M) ZnSOy,
0.4 ml of(0.5 M) Sodium Thiosulphate, 3 ml of(1 M) NaOH, 10 ml of
ammonia solution, 0.4 ml of TEA, 0.5 ml of(0.1 M) CuSO,4 and 2 ml
of(1M) Thiourea|20, 21]. CuSOy(varied from 2 ml to 4 ml in steps of
0.5 ml in each set) and ZnSO, were added first followed by Thiourea
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and TEA at the end. After adding all precursors it was made up to 60
ml using deionized water and was again placed in hot water bath for
maintaining temperature of 85°C|22|. The glass plates were vertically
arranged inside the bath using nonreactive steel sample holder. When
temperature gradually increases from room temperature, solution color
slowly changes from blue to brown which shows that reaction is taking

place.

The solution was kept there for 1 hr at the same temperature and
samples were taken out without disturbing the solution. Samples were
dried at room temperature after rinsing in fresh deionized water and then
sonicating in propanol for 5 minutes. This step did not satisfy sufficient
thickness for the film and deposited samples were again treated for two
more dips in freshly prepared solutions, keeping all the bath parameters

constant to attain sufficient thickness.

In the present study we varied volume of Cu precursor from 2 ml to 4
ml in steps of 0.5 ml keeping all other parameters constant. Different sam-
ples prepared were named S1, S2, S3, S4 and S5. The specifications are
depicted in the Table 2.1. Structural, electrical and optical characteriza-
tions of prepared films were studied using different techniques. Thickness

of deposited samples were measured using thickness profilometer.

Structural analysis of the films was carried out using Rigaku (D.
Max.C X-ray diffractometer and Ni filter). UV-Visible absorption anal-
ysis was done using UV-Vis-NIR spectrophotometer(Jasco-V 570). Ra-

man analysis was done employing Horiba Jobin Yvon LabRAM micro
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spectrometer. Composition of the CZS thin film was studied with the
help of XPS|Kratos Analytical AMICUS spectrometer fitted with the Mg
Ka/Al Ka dual anode X-ray source|. Hall measurements(Ecopia HMS-
5300)and thickness(Stylus profiler Dektak 6M) were measured for all sam-
ples. Solar cell J-V characterization was done using Photo Emission(Tec
SS550AAA) solar simulator (100 mW /em? illumination) and National

Instruments Source Measure Unit.

2.3 Results and discussion
2.3.1 Structural studies

Samples S2 to S4 show very little response towards XRD analy-
sis(Fig.2.1). S1 shows peaks of hexagonal Zinc Sulphide at 26 values
16.42, 18.12, and 24.67 where planes are (009) (0010) and (0014) respec-
tively(Table 2.2). Here samples S1 and S5 show crystallinity in which
Zinc and Cu are rich in quantity respectively. In Cu rich sample (S5),
there are peaks of hexagonal covellite CuS planes at 26 value 48.02 which
corresponds to (110) plane of CuS. Moving from sample S1 to S2 the
crystallinity slowly decreases and peaks corresponding to ZnS phase dis-

appeared. All the samples from S2 to S4 are amorphous in nature.

Again on increasing the concentration of Cu material begins to show
crystalline planes of CuS. In sample S5, (110) plane of CuS appears
at 260 value 48.02 and this is a common peak of CuS. In thin films,
this phenomenon (disappearance of one crystalline phase and appearance
of other)can be seen frequently, where amorphous phase will come in

between two different crystalline phases|23|. According to variation in
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Figure 2.1: XRD plot of different samples deposited at different Cu con-
centrations (Samples S1 to S5)

copper concentration transition of crystalline nature from one to other,
shows the potential of material to have different properties at different

elemental concentration.

sample | 20 (in degrees) | Material | Orientation
16.42 ZnS (0) | [00 09]
S1 18.12 ZuS (H) | [00 10]
24.67 ZnS (H) | [00 14]
S5 48.02 CuS (H) | [110]

38

Table 2.2: Angle peak positions of different CuZnS samples
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2.3.2 Optical studies

Samples show two different absorptions at different wavelengths (Fig.
2.2). That is, same sample exhibits two different band gap values or
material is capable to absorb two different photons of different energies.
Samples S1 and S2 have band gaps at 3.2 eV, 2.5 eV and 3.1, 2.7 eV
respectively. Samples S3 and S4 have at 3.1 eV, 2.4 eV and 2.8 eV, 2.4
eV respectively. For sample S5 plot show a single band gap which is
about 2.1 eV(Table 2.3). For all samples Tauc plot can be extrapolated
from two different points which intercepts at different points on X axis.
Two band gaps is due to the co-existence of different phases of same

substance or of different substances.
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Figure 2.2: (ahr)? Vs h v spectra of (a) different samples deposited at
different Cu concentration (b)Plot of sample S1

This double band gap nature probably will help the material to be

used in tandem solar cells in future as it absorbs two photons of two
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Sample | Band gap (eV)

S1 2.5 3.2
53 2.4 3.1
55 2.1 -

Table 2.3: Double band gap values of different samples

different energies at the same time. Two band gap phenomenon takes
place due to formation of two phases. The band gap values are not the
exact characteristic band gap values of either CuS, CusS or ZnS. May be
presence of new elements (in case of CuS, Zn is outsider and for ZnS, Cu
is the extra element) shifts the band. The deviation from actual atomic
ratio cause difference in band gaps. At higher Cu concentrations the
material exhibits only single band gap(S5 -2.1 e€V), which may be due
to domination of CuS at this particular Cu concentration and quantity
of Zn present is so small that it could not contribute anything to the

material.

2.3.3 Raman analysis

From XRD, it was observed that two phases CuS and ZnS are not
existing together; hence we moved to Raman analysis which is more
sensitive for identification of different phases even if the sample behaves
like amorphous|24]. Excitation wavelength was 325 nm. Raman analysis
of samples S1 to S5 show two peaks near 472 cm~ ! and 264 cm~! which
correspond to CuS|[25] and ZnS respectively|26]. We could find presence
of two different phases in XRD also but both phases were in two different

samples. Here we see both CuS and ZnS in same sample(Fig.2.3).
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Figure 2.3: Raman analysis plots of different samples deposited

Sample | Peak position (cm™!)
(CuS) (ZnS)
S1 473 264
52 471 265
54 470 278
S5 472 278

Table 2.4: Raman shift of different CuZnS samples

Hence Raman analysis confirms simultaneous existence of CuS and
ZnS. For sample S1, Raman peaks are found at 473 em ™! and 264 cm ™.
In case of Zinc rich sample (S1) Raman peak 473 cm™! is distributed at
two different points or which can be deconvoluted to two peaks, one is at
473 cm~! and other at 471 cm™!. Here mainly Raman shift of 470 cm ™!

1

corresponds to CuS phase and slight deviation from 470 cm™ may be

due to the presence of Zn atom between Cu and S.

In some cases stress due to presence of other neighbour atoms cause
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this deviation in Raman shift[27, 28]. In case of Cu rich samples also,
this deviation is clear when go from S4 to S5. In the case of S4, peak is
at 470 em~! and for S5, it is at 472 cm~!. It can be noted that in all
cases main peak seems to be due to CuS phase and whatever the case be,
presence of Zinc definitely affects Raman shift. Another very interesting
thing is that Raman peaks corresponding to ZnS in samples S1 and S2
are at 264 cm~! and 265 cm ™! where in S4 and S5 these are at 278 cm ™.
Here ZnS peaks at 264 cm™! and 265 cm™! correspond to Second Order
Raman Scattering while the one at 278 cm™! is due to First Order Raman

Scattering in Zinc blend structure[29, 30].

2.3.4 XPS analysis

Intensity (Arb. units)

e

0 200 400 600 800 1000 1200
Binding energy (eV)

Figure 2.4: XPS survey spectra of different CuZnS samples deposited at
different Cu concentrations
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Figure 2.5: Binding energies of (a)Cu2p and (b)Zn2p using XPS
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Figure 2.6: Binding energies of (a)S2p and (b)Ols using XPS

XPS analysis shows binding energies corresponding to different chem-
ical states of the elements which constitute CuZnS. Survey spectrum of
samples S1, S3 and S5 prove presence of CuS and ZnS where the binding
energy values of Cu2p and Zn2p are near to energies of Cu2p and Zn2p
in CuS and ZnS|31, 32]. Fig.2.5 and Fig.2.6 show that binding energies
of Cu2ps/, and Cu2p;/, are at 932.98 €V and 952.78 eV respectively in
sample S3.
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Figure 2.7: Binding energies of (a)Cu2p and (b)Zn2p in samples S1 and
S5

For Zn2p, /, and Zn2p, s, energy values are at 1022.18 eV and 1045.18
eV respectively. For Ols binding energy is at 532.08 eV and for S2p,»
and S2ps/2, binding energies are at 162.08 eV and 168.98 eV respectively.
In Fig.2.7 binding energies of Cu and Zn have slight shift in energy val-
ues towards low energy. In Cu2p, a shift of 0.70 eV and in Zn2p, 0.30
eV energy difference were observed. Shift of Zn2p towards low energy
side indicates that some Zn atoms in the material are replaced with Cu
atoms|31, 33]. In chemical bath deposition technique, incorporating ex-
ternal elements(doping) is very difficult; but change in binding energies
of Cu and Zn supports existence of CuZnS, and uniqueness of this ma-
terial. Influence of S2p is still to be investigated as Sulfur is constant in
concentration in solution. Some reports says that Sulfur vacancies can

influence the binding energy shifts of Cu and Zinc in complex materials

like CZTS[34].
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2.3.5 Photoluminescence studies

Normalised Intensity (arb. units)
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Figure 2.8: Photoluminescence studies of samples S1, S2, S4 and S5

The photoluminescence studies(Fig.2.8) of samples gave clear picture
of formation of ZnS and CuS|35]. Sample S1 where Zinc is very rich in
composition, exhibited emission around 650 nm, which is reported to
be defect related emission in ZnS[36]. Similarly in sample S5 when the
peak is deconvoluted, two peaks are obtained in which one is at 550
nm and other at 650 nm. Peak at 550 nm is reported to be emission
from Cu related compounds|37, 38]. When we move from sample S1
to S5, gradually the emission corresponding to ZnS is reduced and Cu
related emission started to appear and dominates. We see in sample S2
contribution of each emission is almost equal. From samples S2 to S4
and then to S5, clearly CuS emission becomes more dominating with

minimum ZnS emission.
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Figure 2.9: Photoluminescence plots of samples (a) S1 and (b) S5
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Figure 2.10: Deconvoluted PL plots of samples (a)S2 and (b) S5
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2.3.6 Hall measurements
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Figure 2.11: (a)Bulk carrier concentration and (b) Resistivity of samples
S1 to S5

When resistivity of sample is very high(i.e. of the order of 10° Qcm
or more) it is too difficult to take Hall measurements. Here CZS sam-
ples deposited with volume of CuSQOy, less than 2 ml is resistive and do
not respond to Hall measurement. All samples show p type conductivity
in Hall analysis. Variation in the carrier concentration is very clear in
Fig.2.11(a) and carrier concentration increases with increase in Cu con-
centration in the solution. Gradual increase in carrier concentration is
linear till the volume of Cu in the solution is 3 ml and then the value
remains constant with further increase in Cu concentration. A compli-
mentary decrease in resistivity indicates this(Fig.2.11(b)). Variation in
mobility with volume of Cu precursor solution is shown in Fig.2.12(a).

In general, mobility values are very low for CBD thin film samples and
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Figure 2.12: (a) Mobility and (b) Thickness of samples S1 to S5

Sample | Bulk Con.(cm™3) | Resistivity(© ¢m) | Mobility (¢cm? /Vs)
S1 4.43x 107 8.25 1.07
S2 6.44x 10'8 0.26 1.22
S3 6.60x 102 0.005 1.40
54 7.97x 10% 0.0032 1.73
S5 7.95x 10% 0.0037 2.00

Table 2.5: Electrical properties of samples S1 to S5 measured using Hall
measurement setup

lie only in range of 0 to 2 cm?/Vs. The variation is like mobility increases
with increase in Cu volume in precursor solution. Mobility values lies be-
tween 1 and 2 cm?/Vs. As we see in carrier concentration plot, a reverse
behavior is seen in resistivity. When Cu concentration increases resistiv-
ity decreases where decrease in resistivity is sudden at the beginning and
then it becomes constant. When Cu concentration changes(from 2 ml to

4 ml) resistivity changes by 4 orders.
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2.3.7 Morphological studies
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Figure 2.14: SEM image of samples S1

Surface morphology of sample S5, S3 and S1 are depicted in Fig.2.13
and Fig.2.14 where all samples show different nature. In sample S1,
granule-like structure is seen which is attributed to presence of Cu and
in sample S3 structure is changing to petal-like structure|39|. Sample S5

is more or less uniform in nature and grain-like structure is clear with
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clear grain boundaries. Hall measurements indicated that mobility values

are comparatively high for sample S5.

2.3.8 Device fabrication

Devices were fabricated with all the CZS samples deposited and the
buffer layer chosen for junction fabrication was Indium Sulphide as it is
a well studied material in our lab(With InyS3, our group could fabricate
successful devices using different absorber layers[40]). Properties of In,S;
is similar to well known Cadmium Sulphide and highly photosensitive in

nature.

CZs
ITO

Glass

Figure 2.15: Device structure of CZS/InS devices

Solar cell structure was ‘substrate structure’ and structure of device
is showed in Fig.2.15. On ITO coated glass (Geomaatec, Japan), CZS
was deposited first using chemical bath deposition technique and InySg
layer was deposited over CZS layer using chemical spray pyrolysis tech-
nique. Five devices were deposited where all the layers except CZS were
constant(constant in thickness and composition in nature). Devices were

named like S1, S2, S3, S4 and S5 according to the increasing order of Cu
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concentration in CZS samples. From thickness measurements, it is clear
that from samples S1 to S5, thickness was increasing and in devices also,
thickness of CZS layers were increasing when moving from device S1 to

S5(Fig.2.12(b)).

For the deposition of InyS3, Indium chloride and Thiourea were used;
60 ml(to get 200 nm thickness) of solution was sprayed on CZS with spray
rate of 4 ml/min at temperature of 350°C. Light was illuminated through
the absorber layer. In earlier studies of absorbers like CZTS, CulnS,
and CulnSey by our group, it was already proved that this particular
structure seems more promising for light activity. For top electrodes
Ag(area about 0.03 cm? and thickness of about 50 nm) was deposited on
InyS3 layer using vacuum deposition technique. About 50 mg of Ag wire
was taken in evaporating boat to get thickness of 50 nm electrode and

pressure was set about 10~% mbar.

In Fig.2.16 J-V characteristics of devices are depicted. Cells S1, S2
and S3 showed junction behavior in which S1 and S2 showed better junc-
tion parameters. Here moving to S4 and S5 junction property totally
disappeared. S4 and S5 were shorted or ohmic in nature. Here most
probably increase in Cu content in absorber i.e. cells with Cu rich CZS
samples, surely enhance diffusion of Cu to Indium Sulphide buffer layer.
Thickness of Indium Sulphide buffer layer was around 200 nm and there
is a tendency that Cu easily diffuse into Indium Sulphide[41, 42]. This
diffusion may lead to the direct contact between absorber layer and elec-

trode on the buffer layer which is Ag. When we see cells S1 and S2, they
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Figure 2.16: J-V characteristics of devices S1 to S3

cell | Voe(mV) | Je(mA/em?) | FF
S1 406 0.002 40
S2 350 0.003 37
S3 421 0.001 24

Table 2.6: J-V characteristics of devices fabricated using different CuZnS
samples with Indium sulphide buffer layer

have comparatively good fill factors and open circuit voltage.

Junctions were good to give light activity with good voltage(open

circuit voltage values were near to 400 mV which is considerably good for

solar cells). Short circuit current values were in micro amperes only, but

40% of fill factor value indicates the device can definitely be improved

with more variations in absorber and buffer layer properties.

52



2.4. Conclusion 53

2.4 Conclusion

We could successfully deposit p-type CuZnS films using chemical
bath deposition technique. All samples were showing(particularly at
lower Cu concentration) double band gap nature i.e. two different band
gaps at the same time. We could vary properties (optical as well as elec-
trical) by varying the concentration of elements in the material. Raman
analysis says material exists like mixture of two different phases of CuS
and ZnS. From photoluminescence studies, it was found that Cu and Zn
related emissions varies in intensity with variation in concentration of
elements. Devices were fabricated using these CZS films; however these
exhibited only very low device parameters. Though the solar cell param-
eters are low we could prove that the material is capable to form junction

with buffer layers and to give light activity.
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Chapter 3

Deposition of CuZnS thin films
using Chemical Spray Pyrolysis
and characterization

3.1 Introduction

Nowadays people are trying to replace silicon solar cells with other
cells using inorganic compound semiconductor materials, organic materi-
als or perovskite materials|1, 2, 3|. Disposal of silicon wafers and panels,
will be a big problem after few decades. In parallel, material cost of sili-
con panels are still on the higher side. Only very few organic materials are
there almost ready for solar cell production commercially. It is expected
that thin film solar cells will have very good market due to low cost of ma-
terial, high durability and comparatively good efficiencies. CIGS, CdTe,
GaAs and CZTS[4] based cells are becoming very popular. Among these,
CZTS is very promising due to its non-toxic and earth abundant nature.

CZTS is usually deposited using vacuum deposition technique along with
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sulfurization[5], PLD[6], sputtering|7], chemical spray pyrolysis|8, 9] etc.
Here we are trying to deposit CuZnS which is more economically viable
than CZTS and is novel material in photovoltaics. The details of impor-

tance as well as properties are included in first chapter.

Among different deposition techniques, vacuum techniques are more
effective and promising for high efficiency devices. Here we deposit the
material CuZnS using Chemical Spray Pyrolysis(CSP) technique which
is a popular non vacuum technique for thin film deposition[10]. In spray
pyrolysis different salts for different elements are mixed together in suit-
able solvent like water, methanol or propanol and solution is sprayed on
to the substrate. Pyrolysis itself means reaction taking place in the pres-
ence of heat. Here substrate temperature can easily be controlled using
a heater and thermocouple. This particular technique reduces the cost
of thin film production because there is no need of vacuum or the whole
process is taking place with the assistance of atmospheric air. Pressure
of carrier gas as well as spray rate of the solution can be adjusted to the
needs. Large area coating can be easily done using spray pyrolysis which

is another advantage.
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3.2 Experimental techniques

Sample CuCl, ZnCl, Thiourea

(x0.01 M) | (x0.01 M) | (x0.01 M)
C1 0.1 1 4
C2 0.2 1 4
C3 0.4 1 4
C4 0.6 1 4
C5 0.8 1 4
C6 1 1 4

Table 3.1: Experimental details of CuZnS samples deposited at different
Cu concentrations

Soda lime glass is used as substrate material for deposition of CuZnS.
In the case of CSP method, temperature is an important parameter as
it decides compound formation as well as composition of material[11].
Here deposition temperature is fixed at 350°C, because we have good
case references of CZTS from our own group. Rajeshmon et al. reported
that, this particular temperature is optimum for CZTS deposition|[12].
Even for cell fabrication also the same temperature seems to be the best,

giving good junction parameters in devices.

Precursors used for deposition of the material were CuCly, ZnCly
and Thiourea. CuCl, is for Cu, Zinc chloride is for Zn and Thiourea
for S. Aqueous solution containing CuCly(0.01M), ZnCly (0.01M) and
Thiourea(0.04M) were sprayed at spray rate of 4 ml/min on to the sub-
strate. Here we kept the concentration of Zn and S constant and varied
the concentration of Cu in solution. At the beginning, temperature was

kept at 350°C. Samples were named as depicted in Table 3.1.
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Cu/Zn ratio Samples
250°C  300°C  350°C  400°C 450°C
0.2 A2 B2 C2 D2 E2
0.4 A3 B3 C3 D3 E3
0.6 A4 B4 C4 D4 E4
0.8 A5 B5 Ch D5 E5
1.0 A6 B6 C6 D6 E6

Table 3.2: Experimental details of CuZnS samples deposited

Temperature of deposition was varied from 250°C to 450°C in steps
of 50°C(Table 3.2). Each set was named as set A, set B, set C, set D
and set E(representing temperatures from 250°C to 450°C) and in each
set the samples were named as A2 to A6, B2 to B6, C2 to C6, D2 to D6
and E2 to E6 according to variation of copper content in it(Cu/Zn ratio
varying from 0.2 to 1 in steps of 0.2 in each sample of each set). Zn:S
is 1:4 i.e. Sulfur is 4 times greater than Zn and this ratio is maintained
in all cases. Carrier gas used here was atmospheric air(at pressure 1.5
mbar). Excess of sulfur is added in solution to compensate the loss of

sulfur occurred during spray due to evaporation.
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3.3 Results and discussion

3.3.1 Analysis of CuZnS samples with different Cop-
per concentrations

3.3.1.1 Structural analysis

XRD analysis of different samples deposited at different concentra-
tion of Cu at 350°C are shown in Fig.3.1 Samples C1 to C6 show crys-
talline peaks of Cu$ at 26 values, 29.15°(Table 3. 3) which corresponds to
(102) plane of hexagonal phase and 48.00° corresponding to (110) plane
of hexagonal phase of CuS[13]. When we see actual peak positions of
above mentioned planes in CuS, (102) plane is reported to be between
29.25° and 29.56°, and (110) plane is between 47.88% and 48.42°(Table
3.4).

(102) * Cus
(110)* cé
*
— * cs
2
5 *
o
= * ca
=
= *
o=
k) * c3
=
*
e b c2
*
A c1
. | !
20 30 40 50 60

2 0 (Degrees)

Figure 3.1: XRD plots of set of samples C1 to C6 deposited at 350°C
having different Cu concentrations

In ZnS hexagonal phase, similar planes are there near to 20 values

29° and 48°. (111) plane is between 28.49% and 28.55° while (220) plane
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sample | 26 (in degrees) | Material | Orientation
6 29.15 CuS () [102]
48.00 CuS(H) [110]

Table 3.3: Angle peak positions of C6

is between 47.23° and 47.67°(Table 3.4). For our CuZnS films, peak
positions are shifted to the left side i.e. 26 values have changed to the
lower values. This phenomenon indicates presence of Zn influences the

crystal structure of CuS and unit cell volume expands to some extent|14].

Actual peak position of CuS | Actual peak position of ZnS
20 (in degrees) 20 (in degrees)
29.25 - 29.56 (102) 28.49 - 28.55 (111)
47.88 - 48.42 (110) 4723 - 47.67 (220)

Table 3.4: Actual peak positions of CuS and ZnS

Here we see that CuS plane corresponding to (102) orientation is
shifting to the lower 20 value while the (110) plane has no considerable

change. This indicates crystal parameters "a" or "c¢" would have changed

where "b" has no change. From second case we see "a" is not changing i.e.
change would have taken place in parameter "c¢". In hexagonal structure,
change in "c¢" means vertical elongation is there in crystal structure. In
some case, in spite of substitution, void replacement takes place where
an extra atom occupies the voids in crystal structure, that also expands

the structure[15, 16].
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3.3.1.2 Optical Properties
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Figure 3.2: (ahv)? vs hv plot of (a) different samples deposited at dif-
ferent Cu concentration (b)Extrapolated plot of sample C6 showing the
cutting points on X-axis

(ahv)? vs hv plots of different samples from C1 to C6 are plotted
in Fig.3.2. All samples showed double band gap nature and each plot
can be extrapolated so as to make cuts at two different points on the
X-axis and this means that they exhibit two band gaps at the same time.
Interestingly for samples deposited using chemical bath deposition(which
is mentioned in the previous chapter) things were a bit different. There
we found that when copper concentration increases, double band gap
nature slowly decreases and finally the copper rich sample show single
band gap nature[17|. Materials having two band gaps are capable of
absorbing two photons of different energies. For sample C1 which has
the concentration of copper very low,(only about 0.1% of Zn) among the

two different band gaps one was above 3 eV and other one was below 2
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Figure 3.3: Transmission spectra of samples C1 to C6

eV[18]. Here we find the influence of ZnS is dominating and the band
gap(which is corresponding to the characteristics band 8%gap of ZnS) is
3.7 eV. In copper rich sample, one band gap is below 2 eV and second
one is below 3 eV; when different band gaps are present, it means that

different phases are existing in the material.

In Fig.3.3 transmission spectra of samples C1 to C6 are plotted.
Here transmission at 600 nm is maximum for C1 i.e. Cu is minimum in
quantity. With increase in Cu concentration the transmission decreases
and Cu rich sample(C6) has minimum transmission(about 25%). Among
samples, maximum value is about 60% (sample C1) which is compara-
tively good transmission for transparent conducting materials. Here we

have already mentioned that material can be used as both absorber and
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window layers in solar cells and hence particularly highly transmitting

CuZnS can be used as good window layers.

3.3.1.3 Raman analysis

600

Intensity (Arb.Units)

200 300 400 500 600

Raman shift (cm'1)

Figure 3.4: Raman shift of samples C1,C3 and C6. Zoomed portion of
C1 in inset

In Raman analysis, we found that there are two peaks corresponding
to CuS and ZnS [19, 20]. Peak corresponding to CuS is at 471 cm™! and
that of ZnS|[21] is at 261 em~!(Fig.3.4). In XRD, we could not find any
clue on presence of ZnS [22]|. Here ZnS phase exists in the material which
is very clear from Raman analysis. From the intensity of the peaks|[15],
itself it is clear that CuS phase is very rich in quantity and for all sam-
ples peak intensity decreases with decrease in Cu concentration|[23]. In
the previous chapter we saw that different samples having different Cu

concentration show different peak positions in Raman analysis. Here it

69



70 Chapter 3. CuZnS using Chemical Spray Pyrolysis

is at same peak position and only intensity varies in different samples.
Raman shift of samples deposited using spray pyrolysis clearly indicates

the actual peak positions of concerned material(CuS and ZnS).

3.3.1.4 XPS analysis
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Figure 3.5: XPS analysis(depth profiling) of samples C1 (a), C3 (b)

In Fig.3.5(which shows results of "depth profiling" using XPS) vari-
ation of atomic concentration through depth or thickness of different
samples C1, C3 and C6 with respect to time of sputtering is depicted.
From Fig.3.5(a) it becomes very evident that concentration of Cu is very
low(only about 8 % of the total elemental concentration). In samples
C3 and C6 concentration of Cu is much higher. In first two samples,
concentration of Zn|24, 25, 26| is almost constant while in sample CG6,
atomic percentage of Zn is decreasing(Fig.3.6). This simply means that
some Zn atoms are replaced with Cu atoms|27|. In samples C1 and C3

the increase in Cu concentration is clear and linear in nature|28|. Sulfur
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Figure 3.6: XPS analysis(depth profiling) of sample C6

is almost same in atomic percentage, in samples C1 and C6. When Cu
and Zn come to equal atomic percentage, sulfur decreases. Oxygen is
there at the surface and in case of spray pyrolysed films deposited, it
is quite expected. However in the inner part of the film, oxygen slowly
decreases. All elements are distributed uniformly and that itself shows

the uniformity of films deposited.

3.3.1.5 Electrical properties

Fig.3.7 depicts results of Hall measurement[29]. When concentra-
tion of Cu increases carrier concentration increases leading to decrease
in resistivity. Especially for highly resistive samples, Hall measurement
setup does not respond and hence we used I-V characteristics for taking
measurements. In order to take measurements using source measurement

unit one has to put electrodes having width of 1 centimeter keeping dis-
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Figure 3.7: Carrier concentration and resistivity of samples C1, C2, C3
and C6

tance between electrodes the same.

Here conductivity type changed from n to p when Cu concentra-
tion changed from low to high. Sample C1 shows n type conductivity
while from C2 to C6 all samples show p type conductivity. Conductiv-
ity type changes between C1 and C2 i.e. Cu/Zn ratio changes from 0.1
to 0.2. This is a promising result in semiconductor deposition. This
material can be used as n type or p type semiconductor and this prop-
erty can be utilized in solar cell fabrication especially in homo junction
fabrication. Electrical characterization of samples with low copper con-
centration(where Cu concentration is only one by tenth of Zn) is done
using normal source meter as these samples did not respond to Hall mea-
surement setup due to high resistivity. Conductivity type of sample C1

was determined using hot probe method. There is 5 order difference in

72



3.3. Results and discussion 73

both resistivity and carrier concentration from sample C1 to C6. Initially
variation in carrier concentration and resistivity was very fast and later

it becomes slow.

3.3.1.6 Morphological studies

WD = 2.7 mm Mag= 41.19KX Time :18:22:10 |_| WD = 84 mm Mag= 30.00KX Time :16:21:46
(a) (b)
Figure 3.8: SEM images of samples C3 (a)and C6 (b)

1 pm EHT = 300KV Signal A= InLens Date :26 Feb 2016 w 1 m EHT = 200Kk Signal A= SE2 Date 117 Mar 2016 W

In Fig.3.8 SEM images of sample C3 and C6 are exhibited. Sam-
ple C3 shows channel-like structure which is connected through out the
surface and this kind of morphology is not ever observed in spray pyrol-
ysed films. Sample C6 is having different morphology and granule-like

structures are observed.
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3.3.2 Analysis of CuZnS deposited at other temper-
atures lower and higher than 350°C

3.3.2.1 Structural analysis
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Figure 3.9: (a) XRD analysis of samples A2 to A6. (b) XRD analysis of
samples B2 to B6

In Fig.3.9 XRD analysis of samples deposited at temperature 250°C
and 300°C are shown. Apart from (102) and (110) planes of CuS phases,
there are many other peaks corresponding to CusS appears in samples,
particularly deposited at higher Cu concentrations. Sample A5 shows
(006) (103) and (110) planes of CusyS in addition to planes corresponding
to CuS. In sample A6 also, peak corresponding to (006) plane of CuyS is
observed. Moving to samples(deposited at temperature 300°C) B5 and
B6 show shoulder peaks appear near to (102) plane of CusS.
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Figure 3.10: a) XRD analysis of samples D2 to D6. (b)XRD analysis of
samples E2 to E6

This simply means that low temperature deposition of CuZnS leads
to the formation of CuyS phases along with CuS. In Fig.3.10 XRD plots of
samples deposited at higher temperatures(400°C and 450°C) are shown.
As we saw in the last portions, CuZnS deposited at 350°C has peaks
corresponding to only CuS and there was no trace of CusS peaks in XRD
plots. Samples from D2 to D6 and E2 to E6 show, peaks of CuS planes
(102) and (110) only. At 450°C, (110) plane of CuS slowly disappears
and in parallel peak corresponding to (102) plane of CuS decreases its

intensity, comparing to that in 400°C and 350°C sets.

From case histories of CZTS deposited in our own laboratory, we
could see that crystalline ZnS phases forms only at higher temperatures

particularly above 400°C. For CuS, deposition temperature seems to be
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below 300°C(in case of spray pyrolysis) but in case of ZnS it is above
400°C. CuZnS can be considered as mixture of CuS and ZnS. From set
C(temperature 350°C) material shows only (102) and (110) planes of
CuS and no peaks of CusS were found. 350°C is minimum temperature
from which we could deposit single crystalline CZS or we could avoid the

interference of other phases.

3.3.2.2 Optical Properties

In Fig.3.11 (ahv)? vs hv plots and transmission plots of samples A2
to A6 are shown. All samples show double band gap nature and at higher
Cu concentration double band gap nature slowly disappears, showing
single band gap nature. But all other samples show two band gaps;
each curve can be extrapolated at two different points intercepting at X
axis. Transmission spectra also show that transmission decreases with
increase in Cu concentration. In all samples, transmission decreases when
moving to infrared region and in samples having higher concentration of
Cu lowering of transmission in infrared region is clearer. Some reports
say that this is because of absorption taking place in infrared region and
this property can be made use in infrared applications. These kind of

materials can be used as glass coating materials.

In Fig.3.12 absorption and transmission spectra of samples from B2
to B6 are plotted. As we saw in previous set,“double band gap” property
is observed and in case of transmission, decrease in transmission with

increase in Cu concentration is clear. Comparing with previous set, sam-

76



3.3. Results and discussion 77

Temp 250°C © Temp 250°C
— A2
— A3
— A4
~ 40— 45
- - — Ag
£ S
g ~
° g
wv £
() 8
- s
x £ 20
o [}
Z :
C) [= 104
0
' 4 500 1000 1500 2000 2500
hv (eV) Wavelength (nm)
(a) (b)

Figure 3.11: (a) (@ h v)? vs h v plots of samples A2 to A6 (b) Transmis-
sion spectra of samples A2 to A6
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Figure 3.12: (a) (a h v)? vs h v plots of samples B2 to B6 (b) Transmis-
sion spectra of samples B2 to B6
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Figure 3.13: (a) (@ h v)? vs h v plots of samples D2 to D6 (b) Transmis-
sion spectra of samples D2 to D6
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Figure 3.14: (a)(a h v)? vs h v plots of samples E2 to E6 (b) Transmission
spectra of samples E2 to E6
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Figure 3.15: Variations of two band gaps of Cu poor samples with respect
to temperature(Cu/Zn=0.2)

ples B2 to B6 show sudden decrease of transmission in infrared region.
The absorption of infrared is more clear and prominent in this particular
set[30]. In (o h v)? vs h v plots, absorption of each sample has consid-
erable gap between each other(band gap values of each sample is much
different from that of the others). In set A, plots are very near to each

other.

Fig.3.13 and Fig.3.14 show absorption and transmission of samples
D2 to D6 and E2 to E6 respectively. Both sets show same double band
gap behavior and transmission decreases with increase in Cu concentra-
tion. When we come to samples deposited at higher temperatures(400°C
and 450°C), transmission is comparatively more than that of low tem-

perature samples(250°C and 300°C). In Fig.3.15 variations in band gap
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values with respect to temperature of different samples deposited at dif-
ferent temperatures are plotted. We have already mentioned that there
are two band gaps for each CuZnS sample. One will be near to 2 eV
and second one near to 3 V. In Fig.3.15 variation of these two band gap
values in different CuZnS samples( minimum Cu concentration)with re-
spect to temperature and both band gaps are increasing to higher energy

values.

3.3.2.3 Electrical properties
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Figure 3.16: (a) Carrier concentration of samples deposited at different
temperatures (b) Resistivity of samples deposited at different tempera-
tures

In Fig.3.16 and Fig.3.17 electrical properties of different samples are
plotted. The properties were measured using Hall measurement setup.
Bulk carrier concentration, resistivity and mobility were plotted in dif-

ferent graphs|[31]. We could see that samples deposited at all temper-
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Figure 3.17: (a) Mobility of different samples deposited at different tem-
perature (b) Roughness of different samples deposited at different tem-
perature.

atures show almost linear variations in carrier concentration and resis-
tivity. Bulk concentration is increasing with respect to increase in Cu
concentration in sample. Complimentary decrease in resistivity is clear
and graphs of resistivity and carrier concentration are complimentary in
nature|32|. For all samples mobility[33] is in the rage of 0 to 10 cm? /Vsec.
Except for low temperature set A, all other sets show increase in mobility
with increase in Cu concentration. The variation is not linear in nature.
Comparatively set C i.e. the set of samples deposited at temperature
350°C has more mobility. Samples C2 to C6 show mobility values from
2 cm? /Vsec to 4 cm?/Vsec.

All other sets have lower mobilities which are below 1 ¢m?/Vsec. In

Fig.3.17(b) roughness with respect to concentration of Cu is shown. All
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sets have average roughness between 20 nm to 30 nm. Set C samples

have minimum roughness which are below 20 nm.

3.4 Conclusion

CuZnS material was deposited using CSP technique in the temper-
ature range of 250°C to 450°C and also varying the Cu/Zn ratio in each
case. From XRD analysis we could see that the material consists of
crystalline CuS and amorphous ZnS. Lower temperature samples have
tendency of forming CuyS phases along with CuS and from temperature
350°C onwards, CusS phases slowly disappears. In optical characteriza-
tion all samples showed double band gap nature and when temperature
increases from 250°C to 450°C both band gaps(double band gaps) shift
to higher energy side or band gap values increase with increase in tem-
perature. Raman analysis confirmed presence of ZnS phase along with
CuS phase. XPS analysis clearly showed compositions of samples where
presence of Zn was very much evident. From Hall measurements, we saw
that there is a tendency to show higher carrier concentrations at higher
copper concentrations. Likewise in resistivity values we found a decrease
with increase in carrier concentration. Very interesting property that we
observed in the material is, n to p conversion in conductivity type. Low
Cu concentrated samples show n type conductivity and Cu rich samples
show p type conductivity. 350°C deposited samples have high mobility
values comparing to other sets and the same set has minimum roughness.
For junction fabrication using CZS we choose set C because of high mo-

bility and minimum roughness. Inspite of minimum roughness and good

82



References 83

mobility, 350°C is the minimum temperature at which we could deposit

CZS samples free from CusS.
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Chapter 4

Device fabrication using CuZnS
with different buffer layers

4.1 Introduction

In this chapter we focus on device fabrication using CuZnS material.
Among many efficient solar cell materials, CuZnS is considered to be
a good replacement for CZTS and CIGS as the elements in CZS are
earth abundant, nontoxic and eco-friendly. In previous chapters, we have
already seen potential of CZS for using in solar cells. Moreover CZS can
be used as p type or n type layer in solar cells. Nowadays eco-friendly
solar cells have good demand due to the crisis developed in silicon solar
cell disposal and recycling. Among them solar cells based on organic
materials, Perovskite[l, 2] and CZTS [3, 4] are the major ones. A group
from Japan proved capability of CZS as absorber layer in solar cell, and

efficiency of about 1.7% already reported for CZS/InyS; solar cell|5].

In a solar cell basically two layers are most important; one is absorber



90 Chapter 4. Device fabrication using different buffers

layer and the other is buffer layer[6, 7|. We are interested in making CZS
a good absorber layer and are also interested to find good buffer layer to

function in combination with CuZnS. Most established buffer layers in

thin film field are CdS, ZnS, InyS3 and ZnO.

Device with CdS and CuS are the earlier junctions in photovoltaic
field achieving efficiency around 9%. But CdS/CuS cells had major is-
sue related with the diffusion of Cu into CdS creating extra phase like
CuCdS, that damages devices. In parallel, Cd is highly toxic in nature.
On the other hand, Zinc related materials are having high band gap and
devices fabricated using these buffer layers will have high open circuit
voltage. Like CdS and ZnS, InyS3 is another potential buffer layer and
band gap of Indium sulphide is almost equal to that of CdS. Some good
case histories say that the material could contribute attractive results
in spray pyrolysed devices|8]. In this chapter, we discuss about combi-
nations of CuZnS with different buffer layers and fabrication of devices.

These buffer layers are as above mentioned, CdS[9], ZnS and In,S;[10].
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4.2 Junction between CuZnS and CdS

In junction fabrication mainly two different kinds of materials are
needed; one is n type and other is p type in conductivity. Normally
absorbers|[11] would be p type in nature. In the present case CuZnS
is p type in nature and CdS is well known buffer layer for junction
fabrication|12]. CdS with CdTe[13| is good combination for cell pro-
duction. Only due to toxic nature of Cadmium, this material was being
tried to be replaced with some other alternatives. But it is a good window
material with large band gap and easy to deposit using simple technique
viz., Chemical Bath Deposition(CBD); hence we started trying junction
with CdS buffer material.

4.2.1 Experimental techniques

In the previous chapter, deposition of CuZnS using spray pyrolysis
is explained in detail. Devices were fabricated on ITO coated glass (Ge-
omaatec, Japan) substrate. CdS was deposited first on ITO and above
this layer, CuZnS was deposited, using CSP(Fig.4.1). This particular
structure was selected because, during chemical bath deposition, there
is a chance of reaction taking place between deposited layer and CBD
solution. This would end in peeling of the first layer. In the proposed
structure, we could avoid the risk of interaction between precursor solu-

tion and deposited layer.

In order to deposit CdS, precursors used were 8 ml of(0.05M) CdSOy,
2 ml of(1M) thiourea, 3 ml of(1M) NaOH, 10 ml of NH,OH and 1 ml

91



92 Chapter 4. Device fabrication using different buffers

Figure 4.1: Device structure of CdS/CZS device.

of(13M) Triethanolamine(TEA) as complexing agent. The solution was
made up to 100 ml using deionized water. Four pieces of ITO coated
glasses were kept(vertically using a support of stand) in the reaction
solution for different time periods at room temperature for getting films
having different thickness(mainly in CBD technique there are two ways to
vary thickness of films, one is by varying concentration, other is varying
deposition time). These samples were named Cdl, Cd2, Cd3 and Cd4
which were deposited with CdS for 6 hours, 12 hours, 18 hours and 24
hours respectively. Such long timings were selected for deposition as
molarity used was very low for Cd and S. Thickness of CdS films varied
between 30 nm to 120 nm when deposition time varies from 6 hours to

24 hours.
These samples were taken out after required time, and washed with
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distilled water; finally dried for junction fabrication. Then cleaned the
films with propanol using ultra sonic cleaner which makes the films clear
and uniform. Normally after the deposition using CBD technique, un-
wanted CdS(which is not the part of film) get precipitated on films which

can easily be removed using ultra sonic cleaner.

In the case of CuZnS deposition details are the same as explained
in Chapter 3. Atomic concentration ratio of Cu:Zn:S was 1:1:4. Tem-
perature was kept at 350°C(we have already seen that at this particular
temperature CZS samples have minimum roughness with maximum mo-
bility). At least 2 to 3 minutes of heating was required to make the
film and substrate uniform in temperature. After CZS deposition, Ag
electrodes were deposited on CZS using vacuum deposition. Area of
electrodes was fixed as 0.03 cm?. Samples were illuminated through ITO

side because illumination through metal electrodes masks light.

4.2.2 Properties of CdS deposited

In Fig.4.2 properties of Cd4 is depicted; films were transparent and
uniform having greenish yellow color in appearance. Measured band gap
was 2.4 eV which is exactly the characteristic band gap of CdS. Peaks
corresponding to (111) plane of cubic CdS was observed in XRD analysis
of Cd4(Fig.4.2(b)). CZS material has hexagonal structure and CdS is
cubic in nature. There are reports on hexagonal CdS, but the deposition
techniques though which they deposited were not CBD. Normally we get
cubic CdS through CBD[14].

93



94 Chapter 4. Device fabrication using different buffers

(1)c

Intensity (Arb Units)

20 22 24 26 28 3.0 20 30 40 50 60
hv (eV) 26/(Degrees )

(a) (b)
Figure 4.2: (a)(a h v)? Vs h v plot of Cd4 (b)XRD plot of Cd4

Resistivity was measured using I-V source measuring unit. As the
samples are highly resistive, it is impossible to measure using Hall mea-
surement setup(resistivity comes to 350 K€2). CdS has very high pho-
tosensitivity (around 10)[15]. From samples Cdl to Cd4, thickness is
increasing with respect to deposition time. Cd1, Cd2, Cd3 and Cd4 have
thickness 30 nm, 60 nm, 90 nm and 120 nm respectively. Maximum
thickness of Cds layer is 120 nm which is considered to be very low and
light can easily pass through it. Normally for material characterization
120 nm films would not give clear peaks of the material in XRD analysis.
Here we fixed maximum thickness limit around 120 nm because thicker
films would affect performance of devices. We have already mentioned
that resistivity of films was very high and carriers will have to move more
distance if thickness becomes high. Simultaneously thickness will affect

transparency which negatively affects the light availability in junctions.
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Figure 4.3: J-V characteristics of different devices fabricated using CZS
and CdS buffer layers

In Fig.4.3 J-V characteristic of devices fabricated using CuZnS and
CdS buffer layer are depicted. Here thickness and concentration of CuZnS
layer were constant and CdS thickness was varied from 30 nm to 120 nm
in steps of 30 nm. Four devices were fabricated and named as CDI,
CD2, CD3 and CD4 respectively. From the figure it is clear that junc-
tion properties of devices CD2 and CD3 are better as they show light
activity. Device CD1 was shorted probably due to lack in thickness of
buffer layer; this is because when thickness of buffer is lower than a limit,
there is a chance that Cu from CuZnS diffuse to get direct contact with
lower electrode(ITO). Devices CD2 and CD3 show comparatively good
junction behavior with light activities. When thickness of buffer layer

is low open circuit voltage is low. At the same time, with increase in
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Cell | V,e(mV) | Jee(mA/em?) | F.F(%) | Eff.(%)
CD1 shorted

CD2 213 2.72 32 0.01
CD3 401 1.04 30 0.12
CDh4 No light activity

Table 4.1: Parameters of devices fabricated using different CuZnS sam-
ples with CdS buffer layers

buffer thickness short circuit current decreases. For device CD2 open
circuit voltage of about 213 mV was obtained which increases to 401 mV
with the increase of 30 nm in buffer layer thickness. On the other side
short circuit current decreased with increase in buffer thickness(decrease
from 2.72 mA /cm? to 1.04 mA/cm?). Fill factor values of CD2 and CD3
are 32% and 30% respectively which are also not good. Due the bad
performance of junction with CdS, we decided not to proceed further in

improving the junction.

4.3 Junction between CuZnS and ZnS

ZnS|16] and ZnOJ[17] are good buffer layers useful for solar cells.
Both have transparency and can be made resistive[18] or conducting
too[19, 20]. Highly conducting ZnO films(doping with trivalent met-
als or Chlorine) are being used in solar cells for collection of carriers to
increase short circuit current. In the present work, we tried fabricating
CuZnS/ZnS junction without any additional layers. Our expectation was
that for CuZnS, ZnS would be having good lattice matching. Interest-
ingly so far there are not much reports on CuZnS. Probably we are the

first group reported about crystalline behavior properties of CuZnS|21].
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Figure 4.4: Device structure of ZnS/CZS device

7ZnS can be considered as parent material of CuZnS and combination be-
tween CuZn$S and ZnS would definitely favor approximately homo junc-
tion formation. Here the cell structure is like buffer layer on ITO and
absorber layer on the top of buffer layer. Light illumination is through
buffer layer so that absorber can utilize maximum light for minority car-

rier production.

4.3.1 Experimental techniques

In the previous section on CdS deposition it was stated that CdS was
deposited first and absorber layer was deposited on that. In the case of
ZnS buffer layer also we followed this device structure(Fig.4.4). In CSP
technique one usually deposit ZnS material only at higher temperature
for good crystalline nature [22, 23, 24]. It gives crystalline behavior only
above 400°C in case of spray pyrolysis deposition technique. Above ZnS,

CuZnS was deposited with the same conditions as we mentioned(temp.
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350°C) in the previous section. ZnS was deposited using same precursor

salts that of CZS, except CuCl,. Ratio between Zn and S was 1:4.

Temperature was fixed at 450°C and aqueous solution containing
ZnCl, (0.01M) and thiourea(0.04M) was sprayed at spray rate of 4 ml/min.
Different devices were deposited named according to thickness of ZnS in
the device. Thickness of ZnS was controlled by varying total volume of
spray solution from 40 ml to 85 ml in steps of 15 ml. Samples were named

as Znl, Zn2, Zn3 and Zn4 in ascending order of ZnS solution volume.

4.3.2 Properties of ZnS deposited

(1)

o®h3?  (evem™)2
©
Intensity (Arb Units)

(220)

X ) s 4 2 2 40 50 60
hv (eV) 20 Degrees

(a) (b)
Figure 4.5: (a)(a h v)? Vs h v plot of Zn4 (b) XRD plot of Zn4

Properties of sample Zn4 are showed in Fig.4.5(a). Samples had
band gap around 3.7 eV and high transparency(around 78%). 3.6 eV
to 3.7 eV is the characteristic band gap reported for ZnS|[25|. XRD
analysis(Fig.4.5(b)) shows good crystallinity with (111) and (220) planes
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Figure 4.6: J-V characteristics of devices fabricated using different
CuZnS samples with ZnS buffer layer

which correspond to hexagonal ZnS where (111) is more intense than
(220). Films deposited above 450°C would have given more intense peaks
of crystalline ZnS, but we were forced to restrict the temperature at
450°C because of some technical issues. Comparing to ZnO, ZnS has high
resistivity(10° to 107 Qcm) and in the present work we got resistivity of

about 1100 K2 cm, which was measured using source measuring unit.

In Fig.4.6 J-V characteristics of junction devices with CZS and ZnS
(for illumination 100 mW /cm?) are showed. Device having very low
thickness of ZnS i.e. Znl was shorted due to lack of thickness of buffer
layer. Usually it is difficult for Cu to diffuse through ZnS and ZnO; but
here for this sample, ZnS thickness is very low and hence Cu can diffuse
easily out of CuZnS and making direct contact with electrode|26]. Device

Zn2 shows junction behavior with small leakage in 3"¢ quadrant of plot in
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Fig.4.6. Again thicker ZnS device, Zn3 showed better junction without
any leakage current in 3"¢ quadrant. Finally for device with thickest
buffer(Zn4), showed very low current. No devices showed light activity

in general.

4.4 Junction between CuZnS and In,S;

Eventhough junction between CdS and CZS have showed light activ-
ity, as we mentioned in the previous section, toxicity of CdS is a serious
problem. Indium sulphide(InS) is a material having band gap which is
very close to CdS and its resistivity is also almost of the same order.
Peculiar thing is that it is highly photosensitive like CdS. Though cost
of Indium is on the higher side, its eco-friendly nature as well as good
opto-electronic properties prompted us to try junction with this material.
Moreover spray pyrolysed Indium sulphide is well studied in our lab and

we could deposit buffer and absorber with same technique[8, 27].

4.4.1 Experimental techniques

Deposition conditions of CZS is exactly the same as that of previ-
ous cases. Here the device structure is different from previously men-
tioned absorber-buffer combinations. Absorber layer was deposited first
using CSP technique and above absorber layer, buffer layer was de-
posited(Fig.4.7). The precursors used for InyS3 were Indium chloride(0.025
M) and thiourea(0.1 M). Spray rate was fixed at 4 ml/min. We fabricated
4 different devices having similar CuZnS layers with different thickness

of Indium sulphide. Thickness of Indium sulphide was varied by varying
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Figure 4.7: Device structure of InS/CZS device.

volume of spray solution. Four different samples were deposited(named
like Ins1, Ins2, Ins3 and Ins4) by varying solution volume from 20 ml to

35 ml in steps of 5 ml.

Ag electrodes having area of 0.03 cm? were deposited over the Indium
sulfide layer by vacuum evaporation. Total 4 electrodes were deposited
on each cell and each electrode was separated from others; hence each
electrode was on a separate cell. Deposition temperature was 350°C.
Nlumination was through ITO i.e. through the absorber. Some case
histories from our own group(especially in case of CIS/InS and CZTS/InS

solar cells) says this particular kind of illumination give better results.
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4.4.2 Properties of In,S; deposited

In Fig.4.8 (a)(ahv)? Vs hr plot of Indium sulphide deposited is
shown. The material deposited has band gap around 2.2 eV which is
almost near the characteristic band gap of InyS;. XRD analysis shows
clear peaks correspond to (112) and (220) planes of tetragonal Indium
sulphide(fig.4.8(b)). These two peaks are very intense in nature and this

indicates crystallinity of material.

500
(220)
|

400+

112
300+ (12)

a2h??  (evem™)?
Intensity (Arb Units)

200 |

100 /| Al A ol

0 —L

1 2 hy (ev) 3 4 20 30 40 50 60

26 Degrees

(a) (b)
Figure 4.8: (a)(a h v)? Vs h v plot of Ins4 (b) XRD plot of Ins4

Electrical properties show material has resistivity around 630 K 2cm.
Comparing to CdS mentioned in the previous section, sulphide has more
resistivity. Along with resistivity films show good photo sensitivity also
which is around 103. Different Indium sulphide layers have thicknesses
in the range of 100 nm to 250 nm with steps of approximately 50 nm and
devices were fabricated using these samples(Insl to Ins4). Each sample

was deposited on CZS layer having thickness of 250 nm(deposition con-
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Figure 4.9: J-V characteristics of devices fabricated using different
CuZnS samples with InySs buffer layers

ditions are same as in earlier case). Devices were named InS1, InS2, InS3

and InS4 according to ascending order of thickness of Indium sulphide

layers.
Cell | V,e(mV) | Jee(mA/em?) | FEF(%) | Eff.(%)
InS1 shorted
InS2 280 3.71 33 0.10
InS3 404 2.62 32 0.33
InS4 Not measurable

Table 4.2: J-V characteristics of devices fabricated using different CuZnS
samples with In,S3 buffer layers

J-V characteristics of these junctions are shown in Fig.4.9. Devices
with lower thickness of Indium sulfide InS1(100 nm) were shorted due to
lack in thickness of InyS; and Cu would have diffused through Indium
sulphide layer to reach Ag electrodes. There is a chance that Ag elec-
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trode may diffuse through Indium sulphide and reach CZS and/or ITO
which also causes shorting of device. InS2 and InS3 show good junction
behavior with light activity. InS2 has more current density but open
circuit voltage is low. But in case of InS3 open circuit voltage is higher
than InS2 with low short circuit current. This kind of behavior is seen in
CuZnS/CdS devices which was mentioned in previous section. Devices
which have higher buffer layer thickness,(as resistance is high) will have
higher shunt resistance making junction better. This leads to higher open
circuit voltage. In case of thinner buffer layer devices, separated carriers
can easily reach electrodes and short circuit current increases. However
device with InS4 was too resistive to measure current and voltage (J-V
characteristics are done using source measuring unit and this particular

setup has sensitivity only above 1078A) .
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4.5 Junction between CuZnS and In,S; - a
detailed analysis by varying both thick-
ness of In,S3 layer as well as Cu concen-
tration in CZS layer

4.5.1 Experimental techniques

Devices were fabricated using CuZnS samples deposited with differ-
ent Cu concentrations. In,Ss3 layers were divided into three different sets
according to thickness. Device specifications are shown in the Table 4.3
below. For each thickness of In,S3, five different devices were fabricated
having five different concentrations of Cu in CuZnS(thickness of CZS was
varied from 300 nm to 400 nm). Hence in total, 15 devices were fabri-
cated. For each combination 16 devices were fabricated to get accurate
average value of cell parameters. Spray solutions and spray parameters

were exactly same as those mentioned in previous sections.

CuCl, Thiourea ZnCl, In,Ss
(x0.01M) | (x0.01M) | (x0.01M) (nm)
200 250 300

0.2 4 1 CAl1 CB1 CC1
0.4 4 1 CA2 CB2 CC2
0.6 4 1 CA3 CB3 CC3
0.8 4 1 CA4 CB4 CC4
1.0 4 1 CA5 CB5 CGCh

Table 4.3: Experimental details of the deposition of different sets of
CuZnS/InyS;3 devices
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4.5.2 Junction Properties

In Fig.4.10 J-V characteristics of devices CAl to CAb are depicted.
All devices showed junction behavior with light activity. Open circuit
voltage was very low,(only about 100 mV to 200 mV) and short circuit

current varied from 1 mA/cm? to 3 mA/cm?

. Fill factor was also very
low (only below 30%) which is considered to be due to bad device per-
formance; efficiencies were only in decimals. According to increase in
Cu concentration of CuZnS, current value was increasing; however V.

varied in random manner.

—=—CA1
—=-CA2
—=-CA3

= CA4
—%-CA5

Current Density (mAIcmz)

_5 T T T T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

Voltage (V)

Figure 4.10: J-V characteristics of devices CA1 to CAb

Basically if a device shows low fill factor means that it would not be
delivering much power to a load in practical. Low value of V. is due to
lack of sufficient thickness for buffer layer. For a device to exhibit good

open circuit voltage the generated carriers should be properly separated
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Cell | V,e(mV) | Jee(mA/em?) | F.F.(%) | Eff.(%)

CA1 | 106+24 1.174£0.17 27+2 | 0.0240.002
CA2 | 186+24 1.2440.11 354+2 | 0.0840.007
CA3 | 190+30 3.02+0.29 35+1 | 0.1940.002
CA4 | 162+14 3.31+0.09 2944 | 0.1340.002
CA5 | 206+£18 3.65+0.28 272 | 0.15+0.005

Table 4.4: J-V characteristics of devices CA1 to CAb

at junction. Here thickness of buffer layer(resistive layer) is very low and

hence there can be ‘shortings’ in buffer layer enabling carriers to easily

reach top electrodes.

resistance at junction of devices leading to leakage /shorting.
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Figure 4.11: J-V characteristics of devices CB1 to CB5

Lower fill factor also shows lack of good shunt

In Fig.4.11 J-V characteristics of devices CB1 to CB5 are depicted.

Devices CB1 to CB5 show considerable increase in voltage and current

on comparing with previous set(CA1 to CA5). Open circuit voltage is
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Cell | Voe(mV) | Jee(mA/em?) | F.F.(%) | Eff.(%)
CB1 | 444420 5.60+0.19 371 0.8940.04
CB2 | 462427 6.28+0.19 38+3 | 1.08+0.08
CB3 | 478421 7.08+0.17 37+2 1.274+0.05
CB4 | 483+12 7.62+0.16 3442 1.284+0.08
CB5 | 478+12 8.64+0.20 34+2 1.4140.12

Table 4.5: J-V characteristics of devices CB1 to CB5

high(almost near to 450 mV to 480 mV). Short circuit current density
is between 5 mA /cm? and 9 mA /cm?. Fill factor also improved from
previous set and present values come around 35% to 38%. Efficiencies
of devices exceeds 1% and having highest Cu concentration device has
maximum current and efficiency which is about 1.41%. Devices CB1 to
CBb5 exhibit increase in short circuit current, corresponding to increase in
Cu concentration. Since devices in this set have high open circuit voltage

along with good current, efficiency values hiked suddenly.

Current Density (mA/cmz)
i
-

T T
01 02
Voltage (V)

0.3

Figure 4.12: J-V characteristics of devices CC1 to CCbH
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Cell | Voe(mV) | Joe(mA/em?) | F.F(%) | Eff.(%)
CC1 | 445412 4.70+0.14 372 | 0.721+0.04
CC2 | 45246 4.70£0.04 4242 | 0.88+0.09
CC3 | 45448 5.26+0.11 371 | 0.87£0.02
CC4 | 423+£10 5.20£0.17 35+1 | 0.7840.05
CChH | 427+14 6.00+0.19 37+£1 0.9240.04

Table 4.6: J-V characteristics of devices CC1 to CCH

In Fig.4.12, J-V characteristics of devices from CC1 to CC5H are de-
picted. Unlike two previous sets this set has slightly high fill factor. Open
circuit voltage is in the range 430 to 450 mV and current density values
are in the range 3 to 4.8 mA /cm?. Fill factor is around 40% which means
that devices have good potential to deliver electricity. Comparing to pre-
vious set, I,. is low which reduces the conversion efficiency values also.
This decrease in short circuit current is probably due to increase in thick-
ness of buffer layer due to which generated carriers in the junction have
to travel more to reach electrodes. May be in previous set, current values
are high because carriers travelled smaller distances to reach electrodes

and this considerably reduced the loss of carriers due to recombination.

4.6 Conclusion

Using CuZnS absorber material different devices were tried with
different buffer layers. Among them CdS and Iny,S; showed junction
behavior and light activity. Eventhough it was expected that ZnS may
be good buffer layer especially for CuZnS, no device showed light activity.

Comparing CdS and InyS3 as buffer layers, In,S3 was selected for further

studies on CuZnS devices. Cd is toxic in nature and people are trying to
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avoid the material.

The extended works on CZS/InS devices showed good improvements
in device parameters. Mainly the short circuit current and open circuit
voltage values were affected by both the thickness of buffer layer and
concentration of Cu in CZS. Improvement in V. of devices with increase
in buffer thickness and increase in I,. with increase in concentration of

Cu in CZS were observed.
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Chapter 5

Junction fabrication using
CuZnS thin films having
different Zinc concentration

5.1 Introduction

In previous chapters studies on effects due to variations of Cu con-
centration in CuZnS were discussed. Junction fabrication using CZS
material in combination with different buffer layers were also examined,
and found that Indium sulfide is a possible buffer layer for CuZnS. Here
in this chapter, we investigate how concentration of Zn influences proper-
ties of CuZnS. In previous chapters, we explained about variation of Cu
and we could see that concentration of Cu readly affects optical and elec-
trical properties of CuZnS. The material properties particularly electrical
properties are mostly related with Cu dominance in CZS|1, 2|. Like Cu

variation, Zn concentration may also influence properties in definitely|3].
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In last chapter we have already seen that in case of devices fabri-
cated with Cu rich CuZnS material, there is improvement in short circuit
current and efficiency. Hence CZS devices may need higher Cu for better
absorption; but practically there are some limitations for depositing the
films with higher concentration of Cul4]. After a particular concentra-
tion spray solution precipitates and would not be usable for spraying [5].
Reducing Zn in CZS would be an alternate solution(by reducing Zn, the
ratio between Cu and Zn would be high) for fabricating Cu rich CZS
[6, 7]. Hence we tried varying concentration of Zn in CuZnS, by keeping
the concentration of Cu constant and devices were fabricated using these

CuZnS samples to examine the variation in junction parameters.

5.2 Experimental techniques

As stated in chapter 3, precursor salts used for CuZnS are CuCls,
ZnCl, and thiourea for Copper, Zinc and Sulfur respectively[8, 9]. Aque-
ous solution containing CuCly(0.01 M) , ZnCly(0.01 M) and thiourea(0.04
M) was sprayed at the spray rate of 4 ml/min on to the substrate kept at
temperature of 350°C [10, 11, 12]. Carrier gas used here was atmospheric
air(at pressure 1.5 mbar). Excess of Sulfur was sprayed to compensate
loss of Sulfur during spray due to evaporation. At the beginning, we dis-
cuss about samples deposited at temperature 350°C. Different samples
were deposited with different Zn concentrations keeping Cu concentra-
tion constant. Here two Cu concentrations are there where molarities are
0.008M and 0.01M respectively and for each Cu concentration, 4 different

7Zn concentrations are there, so 8 samples in total. The sample details are
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CuCl, Thiourea ZnCly
(x0.01M) | (x0.01M) (x0.01M)
1 0.75 0.50 0.25
0.8 4 ZA1 ZA2 ZA3 7ZA4
1 4 ZB1 7ZB2 ZB3 7ZB4

Table 5.1: Details of the CuZnS films

CuCl, ZnCl,
(x0.01M) (x0.01M)
1 0.75 0.50 0.25
0.8 Al A2 A3 A4
1 B1 B2 B3 B4

Table 5.2: Details of cells fabricated using CuZnS having different Zn
concentrations

mentioned in the Table 5.1. This was to find out the variation of prop-
erties of CZS samples due to Cu variation too. Since the only difference
between these two sets is the concentration difference, major analysis
were conducted on the set having higher Cu concentration. Devices were
fabricated using all the samples mentioned above. Indium sulphide was
used as buffer layer for device fabrication. The precursors used for InySs
were Indium chloride(0.025 M) and thiourea(0.1 M). Ag electrodes(area
of 0.03 cm?) were deposited over the Indium Sulfide layer using vacuum

evaporation|13, 14].

Deposition temperature of In,S3 was 310°C. In the previous chapters
devices were fabricated at 350°C and here temperature is lowered because
normally when buffer layer deposits on Cu rich CuZnS samples, there is

a chance of Indium sulphide layer getting peeled off and gradually the
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CZS layer too gets damaged. In order to solve this issue, temperature of
deposition of buffer layer was reduced to lower temperature(310°C) and
it worked quite well. Details of the devices are listed in Table 5.2.

5.3 Results and discussion

5.3.1 Raman analysis

ZB1 ZB1
- 7ZB2
= 7B3
- ZB4

ham WM A A s

Intensity (Arb.Units)

Intensity (Arb.Units)

T T T T T T T T T T T T T T
200 250 300 350 400 450 500 550 600 225 250 275 300 325 350 375 400
Raman shift (cm'1) Raman shift (cm'1)
(a) (b)

Figure 5.1: Raman specra of (a) different samples deposited at different
Zn concentrations (b)zoomed version of Figure 5.1(a)

In Fig.5.1(a) results of Raman analysis of samples ZB1 to ZB4 are
depicted and in Fig.5.1(b) gives magnified version of peak at 260 cm™!
region. Here samples(having higher to lower concentration of zinc) show
almost same behavior in Raman plots. When moving from sample ZB1
(Cu and Zn are maximum in concentration)to ZB4, peak intensities of
Raman shifts are decreasing. Normally we expect more intense peak

of CuS(around 470 cm™!) in sample ZB4 because Zinc is minimum in
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Sample | Peak position (cm™1)
7ZB1 470 261
7B2 469 261
/B3 469 261
/ZB4 469 -

Table 5.3: Raman shift of different CuZnS samples deposited at different
Zn concentration

molarity|[15, 16]. Naturally Zinc sulphide peak reduces in intensity; but
at the same time CuS peak also lowers its intensity. This is very striking
phenomenon as it simply indicates that, for the formation of crystalline
phase of CuS in CZS, presence of zinc is necessary or zinc helps the ma-
terial to maintain crystallinity of CuS formed in it[17]|. In later portions

also we can see same phenomenon(in structural analysis).

5.3.2 Structural Analysis

In Fig.5.2 XRD plots of different samples(ZB1 to ZB4) are depicted.
Here Cu concentration in samples are maximum and Zn varies in con-
centration. Sample ZB1 shows peaks at 260 value 29.15 and 48.00 which
correspond to (102) and (110) planes of CuS[18, 19, 20]. Moving from
sample ZB1 to ZB2, we get crystalline peaks of CuyS also, in addition to
CuSJ21, 22]. The main CuS planes (102) and (110) are there; but peak
intensities are low comparing to those in ZB1. The intensity of peaks of
CusS are more intense than CuS peaks. Again for ZB3, all peaks corre-
spond to CusS are disappeared and simultaneously peaks corresponding

to CuS lowered their intensities.
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Figure 5.2: XRD plots of different samples deposited at different Zn
concentrations

Finally for sample ZB4 all crystalline peaks disappeared indicating
amorphous nature[23]|. From Raman analysis, we already saw that there
is a tendency of loosing CuS phase in CuZnS at the absence of Zn. Here,
in case of structural analysis also, crystalline phase of CuS slowly dis-
appear at lower Zn concentration. Zinc somehow influences formation
of CuS. There are case histories and reports, about spray deposited CuS
films which say that the material forms at lower temperature(particularly
below 300°C)[24, 25|. At higher temperatures, there is no chance of form-
ing CuS but here at 350°C we get good crystalline phase of CuS in CZS.
In the absence of Zinc, CuS peaks slowly disappear and this probably
means that Zinc has some influence in the formation of CuS at higher

temperature.
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sample | 26 (in degrees) | Material | Orientation
ZB1 29.15 CuS (M) | [102]
46.88 CusS [110]
48.00 CuS [110]
7B2 15.11 CusS [008]
22.63 CusS 103
48.00 Cu$ [110]
7ZB3 29.05 CuS (H) | [102]
48.05 CuS [110]

Table 5.4: Peak positions of different CuZnS samples deposited at differ-
ent Zn concentrations

5.3.3 Electrical properties
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Figure 5.3: Hall measurements of samples (a) Carrier concentration
(b)Resistivity

In Fig 5.3 results of Hall measurements of CZS samples deposited
at different Zn concentration are depicted. Carrier concentration of sam-
ples deposited at two different Cu concentrations, show a dip at the

Zn concentration of 0.75 and again increases. Resistivity has compli-
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Figure 5.4: Mobility values of CZS samples deposited at different Zn
concentrations

mentary behavior with increase in Zn concentration|26]. Mobility also
show(Fig.5.4) same behavior like, a dip in the region of Zn concentration
around 0.5 to 0.75 and then increases|27]. At both Cu concentrations,

same behavior is seen with variation in Zn concentrations.

5.3.4 Morphological studies

SEM photographs of different samples deposited at different Zn con-
centration are shown in Fig.5.5. Samples ZB1 to ZB4 show almost sim-
ilar morphologies but for sample ZB4 surface is more uniform. Grain-
like structures are clear in sample ZB4 and size is around 100 nm. In
sample ZB1, different particle distributions are seen where big grain-like
structures are equally separated with clear grain boundaries. This mor-
phological studies are not sufficient to determine the actual behavior of
different CuZnS films, as all different samples show almost similar surface

morphologies. But the SEM analysis of different CZS samples deposited
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Figure 5.5: SEM images of different samples deposited at different Zn
concentrations

at different Zn concentrations proves that material is capable to appear

like well defined crystals having grain boundaries.
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5.3.5 Junction fabrication using CZS
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Figure 5.6: J-V characteristics of devices A1 to A4

Cell | Voe(mV) | Joe(mA/em?) | FF. (%) | Eff.(%)

Al 485+7 5.614+0.17 50+2 1.33 £0.11
A2 46719 6.284+0.17 01+2 1.47 £0.06
A3 | 478411 6.1240.22 50+2 1.46 £0.06
A4 486+5 7.06£ 0.17 4942 1.68 £0.003

Table 5.5: J-V characteristics of devices Al to A4

J-V characteristics of devices from Al to A4 are tabulated in Table
5.5 Devices show good junction behavior with good open circuit voltage
and short circuit current. All devices have V,. around 450 mV and J,,
around 6(mA/cm?). We have already seen that devices mentioned in
the previous chapter show gradual increase in J,. with increase in Cu
concentration. Here with decrease in Zn concentration, current density

is increasing from 5(mA/em?) to 7(mA/em?). Along with increase in
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Figure 5.7: J-V characteristics of devices B1 to B4.

Cell | Voe(mV) | Jee(mA/em?) | FF | Eff.(%)

B1 4697 5.15+0.19 50+1 | 1.21 £0.07
B2 430+9 7.26+0.14 4941 | 1.54+0.04
B3 490+5 7.24+0.20 4941 | 1.73 £0.06
B4 47714 8.13+0.27 48+1 | 1.86 £0.03

Table 5.6: J-V characteristics of devices Bl to B4.

short circuit current density, fill factor of devices are improved very much

comparing to the previous devices(mentioned in chapter 4) where Zinc

concentration in CuZnS was very high. All devices have fill factors around

50% which is considerably good fill factor value of an efficient solar cell

or at least we can assure the device could give better performances with

further variations in preparation methods and precursors.

Devices B1 to B4(Fig.5.7 and Table 5.6) show good junction behavior
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as well as light activity. Like in the previous set, where Cu concentration
was 0.008M, all devices have good open circuit voltage around 460 mV
and short circuit current density between 5(mA/cm?) to 8(mA/ecm?).
Fill factors are near to 50% and efficiency values around 1.8%. In con-
clusion, all devices having high Cu and low Zn in absorber layer give
good junction parameters. This is how concentration of Cu and Zn in
CuZnS work in devices. Devices described in previous chapter(Cu and
Zn concentrations were very high) behave like good devices with good
short circuit current and open circuit voltage. But fill factors were very
low,(only around 35%). Here fill factor is considered to be the most
important parameter which can give a picture about the power trans-
fer capacity of solar devices. More the fill factor, more power can be

transfered from a device to load.

5.3.6 XPS analysis of Zn poor-Cu rich cell

XPS analysis was done on cell B4, and Fig.5.8 depicts variation of
binding energies of Cu, Zn, S and O through the film thickness of cell.
Here it is very clear that Cu is present almost throughout the cell(even
though Cu is expected only in CZS region which is near ITO) proving
diffusion of Cu into the(top) InsS3 layer too. Probably, this might have
resulted in the formation of CulnS, phase(CIS) in the In,Ss layer near
the interface between InyS3 and CZS. Interestingly(in the top layer where
we have In,S3), the peaks corresponding to Cu2p have been shifted by
0.6 eV which may be due to the formation of CulnS; . However, in

case of Zn, diffusion is very little and is concentrated only at the centre,
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Figure 5.8: Depth profiling of cell B4 using XPS (a) Sulfur and Oxygen
(b)Copper and Zinc

where it is expected (i.e. in the region of CZS) making the cell structure
as ITO/CZS/CIS/InS/Ag. In Fig.5.8 binding energies of S and O are
plotted. Naturally S is distributed throughout In,S3-CZS layers, but
oxygen is present only at the surface of InyS3 layer(in few layers) and in

the ITO layer.

Fig.5.9(a) and Fig.5.9(b) depict XPS depth profile giving variation
of atomic concentration through thickness/depth of cells B4 and CB2( in
the previous chapter). Here atomic concentrations of different elements
are plotted against etching time(Zero on X-axis corresponds to InySs
surface of the cells). We are comparing two different cells, where one is
the best cell we have got from the Table 5.6 i.e. the cell B4 which has

maximum Cu and minimum Zn, concentration(Cu/Zn = 4). In second
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Figure 5.9: Atomic concentrations of different elements through the
depth of cells using XPS (a) CB2 (in the chapter 4) (b)B4

cell i.e. cell CB2, concentrations of Zn is maximum and Cu concentration
is minimum(Cu/Zn = 0.4). In two different cases Cu to Zn ratios are in

two extremes.

CuZnS/InS junction is very clear from the atomic concentration plot
of cell B4. Atomic percentage of S is almost same in both cells, while
that of Oxygen is bit lower in B4. Cu concentration is really enhanced
in B4(as expected); due to Cu diffusion into In,S;3 layer is observed in
both the plots making it quite clear that there is formation of CulnS,
phase near the junction. This results in having multiple band gaps(due
to the presence of CuZnS and CulnSs) in the absorber layer, enhancing
absorption of photons of two different energies. Transmittance studies on

sample ZB4 and exact energy values are to be find out in future studies.
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5.3.7 Raman analysis of Zn poor cell

E

(CIS)! 1 (Ins)

Intensity (Arb.Units)

e I
e, e, e e, ,,r,c,r,— - - - -

200 400 600 800 1000
Raman shift (cm'1)

EHT = 5.00kv Signal A= InLens
WD = 64 mm Mag =165.81 KX

(a) “ (b)

Figure 5.10: (a) Raman spectrum of cell B4(b)Cross sectional SEM of
cell B4

Fig.5.10(a) shows Raman analysis of cell B4 is showed where we find
Raman shifts corresponding to CulnS, and InsS3;. Though we have not
purposefully deposited Copper Indium sulphide, we could get CulnS,
phase. From the previous results of XPS, we had suspected about the
formation of CulnS, which is very evident in XPS depth profiling picture.
Cu is diffused to Indium sulphide and extra phase of CulnS, is formed
between In,S; and CuZnS. We know the characteristics band gap of
CZS is more, comparing to CulnS, and this would definitely enhance
performance of Cu rich cells. Unfortunately Raman shift corresponds
to CuS is not seen in the case and this is probably because the CuS
layer would be there below CulnS, and laser(excitation laser) could not

penetrate into the depth of cell. Here in spray pyrolysis method, we
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utilize diffusion tendency of different elements which actually enhances

the performance parameters|28].

5.3.8 Effect in current density and efficiency with re-
spect to Cu-Zn concentration in CZS devices
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Figure 5.11: Variation of Current density and efficiency of devices with
respect to Cu/Zn ratio

Fig.5.11 shows variation of efficiency and current density with re-
spect to Cu/Zn ratio in the CuZnS layer. Here it is very clear that
variation of efficiency is very much linear in case of Cu concentration.
When copper concentration in the absorber increases, there will be dif-
fusion of Cu to Indium sulphide layer forming CulnS, which enhances
current density of the device. That means when more CulnS, forms be-
tween CuZnS and In,S3, more carriers are generated; gradually current
density and efficiency of device increases. Fill factor is also a reason

for enhancement in efficiency. When copper concentration increases in
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absorber layer, some Cu atoms will be diffused to adjacent layer and re-
maining elements at the edge of absorber layer(edge which is in contact
with ITO) enhances shunt resistance of cell. This reduction in series

resistance contributes to the enhancement in fill factor.

5.4 Conclusion

CuZnS films having different concentrations of Cu and Zn were de-
posited and characterized. Devices using these CuZnS films were fab-
ricated and they showed good junction with light activity. Structural
analysis using XRD and Raman proved the formation of CuS depends
on Zn or without the presence of Zn there will not be any crystalline
CuS phase formation in CZS(at temperature 350°C). Hall measurement
says that there is minimum for carrier concentration at around 0.75 of
Zn concentration. Similarly for mobility too there is a minimum. XPS
analysis of cells show clear evidence of Cu diffusion and formation of new
phases like copper Indium sulphide. Presence of Zn blocks the entry of
In to CZS layer which is very clear in XPS analysis of Zinc rich cell.
Copper concentration enhances performance parameters of cells and Cu
rich cells always show good junction behavior and light activity. Zn poor
cells show good fill factor along with current densities and show good

solar cell behaviors.
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Chapter 6

Summary and Future scopes

6.1 Summary of the present work

Eventhough solar cell markets still stick on Si for high energy pro-
duction, solar cell generation now entered into fourth generation which
consists of bio-light sensitive materials. World tries to keep Si and other
high efficient thin film materials aside due to problems related to their
disposal, high cost and toxicity factors. Involvement of Organic solar
cells, DSSC and perovskite solar cells in energy production can possibly
result in eco-friendly energy harvesting side in 21%¢ century. Here we
recognize importance of CuZnS(CZS) material as good absorber layer in
solar cells. Deriving different solar cell materials from CIGS lead to the
invention of CZTS and CZS. CZS is a material which has two different
band gaps, various conductivity ranges and capable of showing different
conductivity types(n or p) at different concentrations of its constituent

elements.
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In this work CuZnS thin films deposited using CBD technique and
CSP technique were characterized, and devices were fabricated. Double
band gap nature is the most prominent feature of CZS. Material exists
as alloy or mixture of different phases of CuS and ZnS. Generally CuS
phases are seen crystalline in nature while ZnS phase is amorphous. XPS
analysis clearly showed that CZS deposited at different Cu concentrations
have different compositions. The peculiarity of CZS is the possibility of
tuning of the properties of the material. We could easily tune optical,
electrical as well as structural properties of the material by varying the

compositions of Cu, Zn or S in the material.

As of CZS is concerned, CBD deposited samples have less adhesion
comparing to CSP deposited samples. We have fabricated devices using
CZS with different buffer layers like CdS, ZnS and InS. CZS-InS combina-
tions gave better device parameters than other buffer layer combinations.
Devices fabricated with CSP show good junction parameters comparing
to CBD deposited samples. Devices with CSP technique( devices with
CSP deposited samples) show good improvement in Cu rich conditions
i.e. Copper rich devices show good junction parameters. Among devices
fabricated with CZS, we see an improvement in short circuit current with
respect to increase in Cu concentration and open circuit voltage is not
that affected with Cu concentration in CZS. Like Cu concentration, de-
crease in Zn concentration improves fill factor as well as short circuit

current of the devices.
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6.2 Future scopes
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Figure 6.1: J-V characteristics of device fabricated using CuZnS having
high Cu/Zn ratio

The “best cell” we mentioned in chapter 5 i.e. cell B4 was very
rich(Cu/Zn=4) in Cu. On a curiosity we have fabricated another device
having Cu/Zn=8(concentration of Zn is again reduced) and we found
that short circuit and open circuit voltage are improved sacrificing fill
factor. Device has efficiency of 2.27% and so far this is the maximum
efficiency reporting regarding CuZnS cell(Fig.6.1). More studies are to be
done on CuZnS devices in future, particularly variations on buffer layer
compositions. CuZnS can be deposited using sulphates, nitrates and
acetate salts for and we exactly do not know how the material properties

will be varying with precursor variation.
We fabricated CZS devices on FTO also. Here FTO was deposited
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Figure 6.2: J-V characteristics of device fabricated using CuZnS on
sprayed FTO substrate

using CSP technique and in short the whole device was fabricated using
CSP technique. This device can be considered as fully sprayed solar cell.
In Fig.6.2 the J-V characteristics of F'TO cell is shown and seeing the cell
parameters, we got an indication that device is promising. Even in case
of devices fabricated on ITO coated substrates, we had obtained good
junction characteristics for Cu poor absorbers(device parameters are sim-
ilar to what we obtained using FTO substrates, which was reported in
Applied Physics Letters). In the device Cu/Zn ratio is 0.4 where Cu
is very low in concentration. We faced some technical issues regarding
the deposition of Cu rich CZS on sprayed FTO, which can be rectified
in future. Anyway we could see that “complete solar cell” fabrication is
possible with spray pyrolysis technique. The establishment of all sprayed

solar cells can easily make solar markets economically reachable for com-
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mon people. Large area solar cells can be fabricated using spray pyrolysis
technique. So far we used silver electrodes as top electrodes. Incorpo-
ration of different transparent conduction materials in CuZnS cells may
improve the performance, where we can pass light through upper side

also.

The material CuZnS is very new in photovoltaics. Deposition and
device fabrication are to be extended to other fabrication techniques also.
Double band gap nature and conductivity type tuning are promising
for tandem solar cells and thin film transistors. High transmittance of
CZS at lower Cu concentration favors transparent conducting material
fabrication using CZS. Another interesting thing is that CZS can be
utilized in perovskite solar cells and DSSC as good collecting electrodes
due to the fact that material behaves like good conducting transparent

p type material at low Cu concentration.
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