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Abstract

Quaternary chalcogenide compound Cu,ZnSnS, (CZTS) is a promising absorber material
for low-cost thin film solar cells owing to the abundance of its constituents, suitable
band-gap and high absorption coefficient. Conventionally, CZTS thin films are mainly
fabricated using vacuum techniques including evaporation, sputtering and pulsed laser
deposition. An encouraging power conversion efficiency of 8.4% has been achieved
using vacuum deposition method. However, the vacuum deposition techniques are often
associated with high energy input and thus impose a significant cost on the devices.
Hence, there is a driving force towards replacing the vacuum deposition method with
cost-effective processing techniques. I this thesis, I present the solution-based synthesis

of CZTS nanoparticles and the deposition of CZTS thin films.

CZTS nanoparticles were successfully synthesized using hot injection method. It was
found that the reaction temperature plays an important role in determining the phase
formation. At reaction temperature below 200°C, the binary Cu,S and ternary CTS form
together with quarternary CZTS phases. At reaction temperature of 220 °C and above,
pure quaternary CZTS phase is favored. A detailed investigation of CZTS nanoparticles
synthesized at 240°C shows that the nanoparticles have an average size of 19.8 nm and
the average ratio of S, Cu, Zn and Sn was estimated to be 4.19: 1.96: 0.80: 1.05. In
addition, the optical band gap of the CZTS nanoparticles was estimated to be 1.55 eV
based on UV-vis-NIR absorption measurements. The reaction time greatly affects the
nucleation and growth of nanoparticles. CZTS nanoparticles formed immediately after

injection of S precursor. From 0 min to 30 min, the average size of the nanoparticles



gradually increased and the size distribution became narrower. With longer reaction time,
the growth of nanoparticles shows the phenomenon of Ostwald ripening. The size and
shape of nanoparticles could be controlled through solvent-ligand optimization. With 1,2-
dichlorobenzene (DCB) as the solvent and oleylamine (OLA) as the ligand, sub-
micrometer size clusters (0 ml OLA), near-spherical shape (0.5 ml OLA), faceted (1 ml

OLA), and nanoplates (2 ml OLA) CZTS nanostructures were synthesized.

The sulfur precursor is the key parameter that determines the phase formation of CZTS
polytypes. Kesterite CZTS were formed using elemental sulfur as the sulfur source, while
wurtzite CZTS were produced using 1-dodecanthiol (DDT). The use of thioacetamide
(TAA) resulted in the formation of mixture of kesterite and wurtzite phases. Further
investigation revealed that the reaction rate of sulfur precursors plays a critical role. The
elemental S could react with oleylamine to produce highly reactive small molecule H,S,
which then precipitate with Cu, Zn and Sn species to form kesterite CZTS nanoparticles.
As for the case of DDT, the covalent bonded S is very stable and difficult to be broken
down to release S, leading to formation of wurtzite phase. TAA exhibit reaction rate
between elemental S and DDT, therefore yields a mixture of kesterite and wurtzite pahses.
The optical and electrical properties of kesterite and wurtzite were evaluated and showed
similar properties. The optical band gaps of kesterite phase and wurtzite phase were
estimated based on absorption measurements to be 1.48 eV and 1.55 eV respectively. The
valance band and conduction band energy levels are determined using CV measurements

to be -5.37 and -3.85 eV (kesterite), -5.60 and -3.91 eV (wurtzite).

Compared with CZTS nanoparticles ink approach, a greener synthesis route based on

CuS, ZnS and SnS; nanoparticles with water or ethanol solvent was developed. The post-
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annealing plays an important role in the phase evolution from binary phases into
quaternary CZTS phase. It was found that pure CZTS phase formed at 300°C, 400°C and
450°C. The selenization process was performed on the nanoparticles precursor film.
CZTSSe thin film solar cells were fabricated following Mo/CZTSSe/CdS/ZnO/ITO/Au
architecture. The as-fabricated device exhibited a total area efficiency of 5.12% with V.
of 378 mV, J,. of 26.2 mA/cm? and FF of 51.7%. These results are comparable with some
of the best performing nanoparticles based CZTSSe solar cells. Combined with the low-
cost, environmentally friendly and upscalable fabrication steps, our synthesis method is

highly promising for potential industry scale application.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1 Research Background and Motivation

Currently, CdTe and CulnyGa;Se, (CIGS) are the two leading technologies for thin film
solar cells (TFSCs). Both technologies have demonstrated high device performance with
the record efficiencies of 19.6% (CdTe) and 20.4% (CIGS).1 CdTe solar cells have been
commercialized by First Solar with module efficiency of over 10%, while CIGS solar
cells are now starting to move into industrial scale production. However, both
technologies have practical limitations: CdTe involves the use of toxic Cd and is thus
detrimental to the environment, while CIGS contains rare metal - In and Ga and these
elements would greatly limit the production capacity of such cells.” Hence, there is an
urgent need to find alternative materials for TFSCs which consist of earth-abundant and

low toxicity elements.

Quaternary Cu,ZnSnS, (CZTS) kesterite is a emerging absorber material for TFSCs. It
has a crystal structure similar to that of CulnSe, where Se is substituted by S and In is
substituted by Zn and Sn. CZTS possessed good optical properties for photovoltaic
applications: (i) optimal band gap for solar cells of 1.5 eV and (ii) large absorption
coefficient of more than 10* cm™. It is also worth to note that CZTS contains all earth-
abundant elements compared with CIGS and CdTe. The earth crust contains 50 ppm Cu,
75 ppm Zn, 2.2 ppm Sn, 260 ppm S, all of which are several orders magnitude higher
than the content of Te (0.001 ppm) and In (0.05 ppm).3 The abundance of these elements

suggests a lower materials cost and the potential for large scale production capacity of
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CZTS compared to CIGS and CdTe. In addition, CZTS consists of elements that are non-

toxic as compared to CdTe.

Conventionally, CZTS based TFSCs were fabricated using vacuum deposition techniques.
In one common approach, stacked Cu-, Zn- and Sn-metal layers were deposited through
either sputtering or evaporation, and were then subjected to high-temperature annealing
in H,S environment to form CZTS.* The ratio of Cu, Zn and Sn could be tuned by
modifying the thickness of each metal layer. Another deposition method makes use of co-
evaporation of Cu, Zn, Sn and S on a substrate followed by annealing, which yields a
high efficiency of 8.4%.” Despite this excellent progress, the vacuum techniques still
require high energy input and impose a significant cost on devices. Hence, there is a drive

to replace the vacuum deposition techniques with a low-cost solution deposition method.

Solution processable TFSCs allows the use of low-cost processing techniques including
the reel-to-reel processes, printing, spin-coating and spraying, which leads to a huge
reduction in the production cost.”” As a result, solution processable TESCs is now being
intensively investigated. In the case of CZTS, several solution deposition routes have
been reported to prepared CZTS thin film. Guo et al. synthesized CZTS nanoparticles
using hot injection method and use the nanoparticles dispersion as an ink to form CZTS
thin film.® Todorov et al. deposited kesterite CZTSSe thin film by spin-coating hybrid
solution-particles precursors in hydrazine.” Scragg et al. prepared kesterite CZTS thin
film using electrodeposition method.'® Kumar et al. synthesized CZTS thin film by spray
pyrolysis technique, where the precursor solution contained Cu-, Zn-, Sn-salts and

thiourea.'' Among the above solution deposition approaches, the CZTS nanoparticles ink
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approach and the hydrazine approaches have demonstrated high efficiencies of 7.2% and
11.1% respectively.'” '* Despite the good device performance, these two approaches
suffer from several disadvantages including the toxic solvents and highly demanding
processing conditions. The electrodeposition techniques and spray pyrolysis approaches
make use of environmentally friendly water as solvent, however, their device

performance remain low compared CZTS nanoparticles ink and hydrazine approaches.

Recently, the preparation of CZTS thin film via nanocrystals dispersion has attracted

14, 1 . . . . .
8. 14135 Nanocrystals dispersion or inks consists of pre-synthesized

much attention.
nanocrystals usually by hot injection method and they are then deposited using low cost
solution-processing techniques such as printing, spraying and spin-coating. The as-
deposited nanocrystals film can be either used as deposited or thermally annealed to form
larger grains. Using this approach, a very promising solar cell efficiency of 7.2% have
been achieved'?. However, at the time being that this work was carried out, the effects of
synthesis parameters on the formation of CZTS nanocrystals are still not clearly
understood. The reaction temperature, reaction time, solvent and ligand are the key
synthesis parameters in the hot coordinating solvent method, which may have great
influences on the size, morphology as well as composition of CZTS nanoparticles. The

knowledge on the effects of these parameters is very beneficial on the controlled

synthesis of CZTS nanoparticles.

Kesterite and wurtzite are two important structural polytypes of CZTS.'® The kesterite
structure has a tetragonal lattice structure, while the wurtzite structure features a

hexagonal unit cell. Several different approaches have been demonstrated to synthesize
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kesterite CZTS nanoparticles.> '’ The morphology of kesterite CZTS could also be
controlled to some extent.'® Recently, the metastable wurtzite phase has also been
reported. '® ' % Despite the above excellent progress, several critical issues remain
unsolved. Firstly, the key factors that determine the formation of each phase need to be
uncovered. In addition, the structural difference may translate into property differences.”
» Controlled synthesis of kesterite and wurtzite phases as well as elucidation of the
properties of each phase could provide a guideline in the application of the different

phases of the material.

For CZTS thin film solar cells to be viable, low-cost, environmentally friendly
nanocrystals inks are highly desirable. In the previous work, CZTS nanoparticles
dispersion was often used as the ink.'> "' However, it has two main limitations: (i) the
synthesis of CZTS nanoparticles are often involved with expensive, toxic organic
solvents such as oleylamine (OLA) and trioctylphosphine oxide (TOPO); (ii) harsh
experimental conditions including high reaction temperature, inert gas environment are
required during the synthesis. Therefore, novel nanocrystals ink which is synthesized

using low-cost methods and environmentally friendly solvents need to be developed.
1.2 Objectives and Scope

In view of the challenges mentioned above, the main objectives of this thesis dissertation

are summarized as below:

1. Understand the effects of the key synthesis parameters on the formation of

CZTS nanoparticles. CZTS nanoparticles are synthesized using hot injection method.
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The effects of key reaction parameters including temperature, time, solvent and
ligand are investigated in-depth in order to achieve better control over the size, shape
and composition of the nanoparticles. The growth mechanism will be proposed based
on the research findings.

2. Synthesize kesterite, wurtzite as well as mixed kesterite-wurtzite CZTS nano-
crystals and understand their formation mechanisms. CZTS nanoparticles are
synthesized using various sulfur sources including elemental sulfur (S), 1-
dodecanethiol (DDT) and thioacetamide (TAA) and their crystal structures will be
investigated respectively. The formation mechanism of both kesterite and wurtzite
phases will be discussed. In addition, the properties including the absorption, energy
levels as well as the photoresponse of kesterite and wurtzite are investigated and
compared.

3. Demonstrate low-cost, environmentally friendly water soluble nanocrystals ink
based on CuS, ZnS and SnS; nanoparticles. Instead of quaternary CZTS
nanocrystals, the binary CuS, ZnS and SnS; nanoparticles are synthesized and used as
the ink. The phase formation of CZTS thin film at various temperatures is studied.
Lastly, TFSCs are fabricated using the as-developed binary sulfide nanocrystals ink

approach and the performance are evaluated and discussed.

1.3 Thesis Organization

This thesis is organized as below:
In Chapter 1, a brief introduction of research background has been provided. The

research objectives and thesis organization are also presented.
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In Chapter 2, the synthesis of CZTS nanoparticles will be briefly reviewed. And various
deposition methods for CZTS thin films will also be discussed. In addition, the CZTS

based solar cells will also be touched on.

Chapter 3 focuses on the synthesis and characterizations of CZTS nanocrystals using hot
coordinating solvent methods. The effects of synthesis parameters such as reaction

temperature, reaction time, solvent and ligand will be discussed.

Chapter 4 presents the controlled synthesis of kesterite and wurtzite type CZTS
nanocrystals through sulfur source. Detailed investigations are carried out and the growth

mechanism of the two structures will be proposed.

Chapter 5 describes the preparations of CZTS thin film using greener approach based on
binary sulfides nanoparticles. CZTS based solar cells using this approach are also

demonstrated.

Chapter 6 states the overall summary. Future recommendations are also proposed along

with the conclusions.
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Chapter 2: Literature Review

2.1 Synthesis of CZTS Nanoparticles

As a promising alternative material for TFSCs, the quaternary Cu,ZnSnS, (CZTS) has
been studied intensively in the last decade.'” Particularly, the synthesis of CZTS
nanocrystals has attracted great attention mainly owing to the ability to be solution-
processed into absorber films.* *> Until now, CZTS nanoparticles based TFSCs have
demonstrated a very promising solar cell efficiency of 7.2%.° And much more research
on the synthesis, characterizations, properties and applications of CZTS nanoparticles are

on-going.
2.1.1  Synthesis methods

The synthesis of CZTS nanoparticles was firstly reported with hot injection method.”
This method features the rapid injection of sulfur precursor into metal precursor at
desired temperature. Essentially, the metal precursor was prepared by mixing of Cu, Zn,
Sn salts with the coordinating solvent (usually oleylamine) and heated in a three neck
flask under inert gas environment. During this incubation process, the stable Cu-, Zn-,
Sn-oleylamine coordinating complex will be formed.” The sulfur precursor was prepared
separately in a 10 ml vial by dissolving elemental S into oleylamine. Figure 2.1 presents
the TEM and SEM images of the typical CZTS nanoparticles prepared using this
method.® As shown in Figure 2.1a and c, well crystalline CZTS nanoparticles with
irregular shape and size in the range of a few nanometer to a few tens of nanometers were

obtained. The lattice spacing of 3.1A (Figure 2.1b) matched well with the d-spacing of
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(112) planes for CZTS kesterite. Later on, Kameyama et al. modified the synthesis with
the elimination of injection process.10 In this case, the Cu, Zn, Sn salts, elemental S and
oleylamine were mixed together and heated in one-pot for form CZTS nanoparticles.
Furthermore, the continuous production using a flow reactor makes it possible to produce

CZTS nanoparticles in large scale."'

Figure 2.1. (a) TEM, (b) HRTEM and (c) SEM images of the CZTS nanoparticles synthesized

using hot injection method. The images are reprinted based on the work of Steinhagen et al.?

Much progress has also been made in other solvothermal methods. Zhou et al. reported
the preparations of CZTS nanostructures in an autoclave using ethylene glycol as the
solvent.'” The as-synthesized CZTS nanocrystals self-assembled into a sphere-like shape
with the average size the sphere ranging from 100 to 150 nm. Using ethylenediamine,

Cao et al. managed to obtain smaller particles (5 ~ 10nm)."? Wang et al. prepared CZTS

10
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nanoparticles using two-phase method with 1-octadecene and triethylene glycol.'* A

similar setup to the hot coordinating solvent method was used.

Hydrothermal method, which offer a green option compared with solvothermal method,
is highly desirable in the preparations of CZTS nanoparticles. Wang et al. successfully
demonstrated CZTS nanostructures using an autoclave with hydrothermal method."” The
aqueous soluble thiourea was used as the sulfur precursor. Zhao et al. reported
hydrophilic CZTS nanocrystals by mixing (NHy4),S solution with Cu, Zn, Sn precursor

solution at room temperature, which avoids the use of long chain ligands.'®

In this thesis dissertation, hot injection method will be used to synthesize CZTS
nanoparticles. The hot injection method has been proven to be a robust technique to
synthesize various semiconductor nanocrystals including CdSe, ZnS, PbS and
CuyInSe,."”? The injection process adopted by this method allows separate nucleation
and growth steps for nanoparticles, and thus offers narrower size distribution.”"” **

Moreover, through ligand optimization, the shape of the nanocrystals could be easily

controlled.
2.1.2  Properties of CZTS Kkesterite

Quaternary semiconductor Cu,ZnSnS4 (CZTS) kesterite is a emerging absorber material.
The crystal structure of CZTS is very similar to that of CulnSe, (CIS) compound with

o 23,24
substitution of atoms.*>

The rare metal In atoms are replaced by earth-abundant Zn and
Sn atoms, while Se is substituted by S atoms. CZTS possesses good optical properties to

function as absorber material for solar cells, which has a suitable band gap around 1.5 eV

11
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and a high absorption coefficient of more than 10* cm™." One major advantage of CZTS
over the CIS and CdTe technologies is that it contains all abundant elements in earth
crust: Zn (75 ppm), Sn (2.2 ppm) compared to In (0.05 ppm); S (260 ppm) compared to
Te (0.001 ppm).* This allows CZTS to have a much greater production capacity than the
currently commercialized CIS and CdTe. Moreover, CZTS has low toxicity as compared
to CdTe (The heavy metal Cd could lead to poisoning on the soil).® Given the above

facts, CZTS has a huge potential for the application in TFSCs.
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Figure 2.2. The typical XRD pattern of CZTS nanoparticles prepared with hot injection method.
The red reference pattern was the standard XRD pattern for kesterite CZTS. Inset shows the

intensity in log scale. Reprinted from the work of Steinhagen et al.®

The crystal structures of CZTS samples can be examined using X-ray diffraction (XRD).
Figure 2.2 displays the typical XRD pattern of CZTS nanoparticles.® The peaks at 20

angle of 28.5°, 47.3° and 56.2° are prominent and considered as the characteristic peaks

12
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for kesterite CZTS. These three major peaks correspond to the (112), (220) and (312)
planes respectively. There are also quite a number of minor peaks which could be found
at 16.4°, 18.2°, 23.1°, 29.7°, 33.0°, 37.1°, 38.0°, 40.8°, 45.0°, 56.9°, 59.0°, 64.2°, 69.3°,
76.5° (for range of 10° ~ 80°). However, it is sometimes difficult to capture some or even
most of above minor peaks due to the low crystallinity of the as-synthesized

nanoparticles.

ZnS sphalerite (JCPDS no. 5-0566), CusSs geerite (JCPDS no. 33-0491) and Cu,SnS3
(JCPDS no. 27-0198) share very similar crystal structure as well as the XRD pattern with
CZTS kesterite. Therefore, in addition to XRD, other characterization techniques are
necessary in order to confirm the formation of pure kesterite phase. For example,
differential thermal analysis (DTA) was carried out in order to rule of the existence of
ZnS and Cu,SnS; phases.9 The fundamentals lying behind are that these materials have
different thermal behaviors. ZnS has a phase transition temperature at 1020 °C and will
melt at temperature above 1650 °C.*” The phase transition temperature and the melting
temperature of Cu,SnS; are 775 °C and 850 °C respectively.28 By contrast, the quaternary
CZTS compound melts at 990 °C.” Raman spectroscopy is a more common technique to

distinguish CZTS from these compounds.30’ 3l

Figure 2.3 shows the Raman spectrum of
CZTS under a laser of 488nm reprinted from the work of Fernandes et al.*! The Raman
peaks at the wavelength of 288 cm™, 338 cm™ and 368 cm™ could be observed. As a
comparison, the Raman peaks for ZnS (278 and 351 cm'l), CuyxS 475 cm'l) and
Cu,SnS; (298 and 356 cm'l) are distinctly different.*** As a practice, Raman

spectroscopy is usually used in combination with XRD to prove the formation of pure

CZTS phase.

13
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Figure 2.3. The Raman spectrum of CZTS under 488 nm laser showing Raman peaks at 288 cm™,
338 cm™ and 368 cm™. The shade area is due to the synergic effect of 338 cm™ and 368 cm™.

Reprinted with modification from the work of Fernandes et al.’’

The composition of CZTS is one key factor to determine the performance of CZTS based
TFSCs. In general, a Cu-deficient, Zn-rich composition is favored because it could
generate Cu vacancies which are very beneficial for hole transport.”> Guo et al. employed
a precursor combination with S, Cu, Zn and Sn precursors in stoichiometric ratio of 4: 2:
1: 1.7 The Cu: Zn: Sn: S ratio for as-synthesized CZTS nanoparticles was found to be
2.12: 0.84: 1.06: 4. It could be noticed that the composition of CZTS nanoparticles varies
from that of precursors, which is mainly due to the different reactivity associated with Cu,
Zn, Sn and S precursors. This composition corresponds to a solar cell efficiency of 0.74%.
The composition may be altered by tuning the relative amount of Cu, Zn, Sn and S
precursors. With an adjusted recipe that uses less Cu precursor and more Zn precursor,

the Cu: Zn: Sn: S ratio could be tuned to 1.31: 0.91: 0.95: 4.° The new composition

14
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demonstrated a very high solar cell efficiency of 7.2%, which can be attributed mainly to

the Cu-deficient, Zn-rich composition.

The quaternary CZTS has great compositional flexibility, which allows the relative
amount of S, Cu, Zn and Sn to be modified in large extent. In CZTS, the cations exist as
Cu*, Zn**, Sn™, while anions are present in S* form. Therefore, in order to maintain
charge neutrality during composition modification, the ratio between Cu and Sn should
be kept as 2: 1. Dai et al. reported the synthesis of (Cu,;Sn)y3Zn; S (0 < x < 0.75)
nanoparticles using solvothermal reactions.”® This chemical formula could be considered
as an alloy between ZnS and Cu,;SnS;. When x value equals to 0.75, the Cu,ZnSnS,
formula is obtained. Later on, the idea was also demonstrated in an indirect approach.
ZnS was coated onto pre-synthesized Cu,SnS; nanoparticles, which were then annealed

at high temperature to form CZTS nanoparticles.’’

The energy band gap of near stoichiometric CZTS falls into the range from 1.4 to 1.6
eV.” ¥ The band gap could be determined with simple UV-vis-NIR measurements.
Figure 2.4 presents the reprinted UV-vis-NIR absorption spectrum of CZTS nanocrystals
prepared through hot coordinating solvent method.” The (c¢hv)* vs hv plot was displayed
in the inset of Figure 2.4. The band gap could be calculated by drawing a tangent line at
the linear region in the (¢hv)” vs hv plot. The cross-section of the tangent line on the hv
axis determines the band gap, in this case 1.5 eV. It was reported that CZTS has a band
gap highly dependent on the composition. For example, the band gap could be altered
from 1.23 eV to 3.48 eV by modifying the relative amount of Cu, Zn and Sn

component.”® During the solar cell fabrication process, Se incorporation is usually
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required for high device performance. The sbstitution of S with Se may also alter the
band gap.“o’41 For near stoichiometric composition ((S+Se): Cu: Zn: Sn: = 4: 2: 1: 1), the
band gap could be tuned form 0.95 eV for [Se]/([S]+[Se]) = 1 to 1.45 eV for

[Sel/([S]+[Se]) = 0.*
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Figure 2.4. The typical UV-vis-NIR absorption measurement of CZTS nanocrystals. The inset
shows the (ahv)> vs. hv plot from which band gap was estimated. Reprinted from the work of

Riha et al.’

The photoresponse of CZTS nanocrystals has also been evaluated through the
photoelectrochemical measurements.* The as-prepared CZTS nanoparticles were coated
onto FTO substrates to form CZTS nanocrystalline thin film. A ligand exchange process
was usually carried out on the nanoparticles before film deposition in order to remove the
bulky insulating ligands to short chain conducting ligands. Figure 2.5 shows the reprinted
J-V curves of the photocurrent response of CZTS nanocrystal thin films. The CZTS

nanocrystals display p-type behavior with increased current corresponding to more
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negative applied potential. The inset of Figure 2.4 presented the stability test and the

photoelectrochemical performance of CZTS nanoparticles film is quite stable.
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Figure 2.5. The photoelectrochemical response of near stoichiometric CZTS nanocrystal thin
films. The inset shows the photostability test at negative bias of -500 mV. Reprinted from Riha et

al.®

2.1.3  Size and shape control

The size and shape are two important parameters for nanoparticles because they might
determine the properties of the nanoparticles. One classical example could be drawn from
CdSe nanocrystals. The absorption edge of CdSe nanocrystals blue shifts as the size
increases from 17A to 150A, showing a decrease in the energy band gap.** In this session,

we shall review on the size control and shape control of CZTS nanoparticles.
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Figure 2.6. HRTEM images of synthesized CZTS nanocrystals with diameters of: (a) 2 nm, (b)
2.5 nm, (c) 5 nm, (d) 7 nm. The scale bars in a-d are 2 nm. (e) the UV-vis-NIR absorption
measurement CZTS nanoparticles with different size. The inset displays the Tauc plot for the

corresponding absorbance curves. Reprinted with modification from the work of Khare et al.*

Khare et al. demonstrated the size control of CZTS nanoparticles by tuning the amount of
oleylamine and adjusting the reaction temperature.” In their work, the Cu, Zn, and Sn
diethyl dithiocarbamate complexes were used as the metal precursors. The HRTEM
images of show that CZTS nanoparticles with size of 2 nm (Figure 2.6a), 2.5 nm (Figure
2.6b), 5 nm (Figure 2.6¢) and 7 nm (Figure 2.6d) were synthesized. Figure 2.6e presents
the UV-vis-NIR absorption measurement of CZTS nanoparticles with crystal size
corresponding to Figure 2.6a-d. The band gaps are estimated based on the (ahv)® vs. hv
plot in Figure 2.6e to be 1.8 eV (2 nm), 1.63 eV (2.5 nm), 1.5 eV (5 nm) and 1.5 eV (7
nm) respectively. The higher band gap energy than the usual 1.5 eV for particles size of 2

nm and 2.5 nm provides the evidence for quantum confinement.
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Figure 2.7. (a) and (b) the SEM images of the CZTS nanowires array prepared with AAO

template. Reprinted from the work of Shi et al.*

Shi et al. used the AAO template in their synthesis in an attempt to control the shape of
kesterite CZTS nanostructures.”® The AAO template could be etched off using NaOH
solution. Figure 2.7 presents the SEM images of CZTS nanostructures prepared with
AAO template. It was found that CZTS nanowires arrays were successfully synthesized.
Beside kesterite structure, CZTS can also crystallize into wurtzite structure. The details
on the two structures will be discussed in Chapter 4. Several research groups have
reported the synthesis of wurtzite structures. Lu et al. prepared wurtzite CZTS
nanoparticles in nanoprisms and nanoplates shape.’’ Singh et al. managed to formed
mono-dispersed wurtzite CZTS nanorods.*® The size and shape control of CZTS wurtzite
are generally easier than the kesterite phase, which is believed to be due to slow reaction

dynamics for the formation of wurtzite structure.

Despite the excellent progress of in the synthesis of CZTS nanoparticles as discussed in

session 2.1, several critical issues remain unsolved. The effects of experimental

19



Chapter 2 Literature Review

parameters such as temperature, reaction time, solvent and ligand are still not clearly
understood. The controlled synthesis of CZTS kesterite and wurtzite as well as their
growth mechanisms are not yet reported. In addition, the evaluation of the key properties
of the two structures is in urgent need. In this thesis dissertation, the above issues will be

studied and discussed in Chapter 3 and Chapter 4.
2.2 CZTS Thin Film Deposition Approaches

The formation of high quality CZTS thin film is crucial for its application. In this part,
various CZTS thin film deposition techniques will be reviewed. These techniques are
classified into two groups: vacuum deposition techniques and non-vacuum deposition

techniques.
2.2.1 Vacuum deposition techniques

To date, several approaches have been developed for CZTS thin film deposition. Among
them, the vacuum deposition approaches have been most intensively studied. As early as
1988, Ito and Nakazawa reported the deposition of CZTS thin film for the first time,
which involved the argon beam sputtering.3 ¥ Recent improvements have been made by
using sequentially deposited metal layers through either sputtering or evaporation,3 which
are then subjected to high temperature annealing in sulfur-containing environment to

form the desired phase.

The atomic ratio of S, Cu, Zn and Sn plays an important role on the solar cell
performance. For the sequentially deposited metal layers approach, the ratio of Cu, Zn

and Sn can be tuned through modifying the thickness of each metal layer. The Cu-
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deficient, Zn-rich samples tend to yield high efficiency devices. High efficiencies are
reported within a narrow composition range ([Cu]/([Zn]+[Sn]) ~ 0.9, [Zn]/[Sn] ~ 1.25).35
The knowledge of the effect of atomic ratio on device performance, together with the
optimization of annealing processes, has led to great improvements on the device
performance. An encouraging efficiency of 6.77% has been achieved by Katagiri group
with open circuit voltage (V) of 610 mV, short circuit current (Js.) of 17.9 mA/cmz, and
fill factor (FF) of 62%.*° Later on, Shin et al. pushed the efficiency to an even higher
value of 8.4%, which is by far the highest efficiency achieved using a pure sulfide

CZTS.”
2.2.2  Non-vacuum deposition techniques

Although vacuum based approaches can offer high quality and well controlled thin film,
they are often less favored for mass production due to the high fabrication cost. Therefore,
there is a trend to replace the vacuum deposition techniques with low-cost solution-
processable fabrication methods including electrodeposition, spray pyrolysis and “ink”-

based approach.

Electrodeposition has been adopted in the synthesis of CZTS thin films. The early work
of electrodeposition of CZTS was based on electroplating of Cu-, Zn- and Sn- stacked
metal layers, which was then annealed in a H,S gas environment.”' Some examples of
sequence of metal layers include Zn/Sn/Cu and Zn/Cu/Sn/Cu stacking. As for
Zn/Cu/Sn/Cu stacking, an improve process employs aqueous KCN solution to etch away
Cu-rich phase, yielding a device efficiency of 3.2%.%* Later, the co-electrodeposition of

Cu-, Zn- and Sn- metal precursors has been developed by precisely tuning of the
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concentration of each precursors.” The most recent achievement was a single-step

deposition of the metal precursors and sulfur precursor. >

Spray pyrolysis is also a low-cost solution-processable fabrication approach. Typically,
the precursor solution contains Cu, Zn and Sn chlorides in stoichiometric ratio, and also
an excess of thiourea to compensate sulfur loss and prevent oxidation. The proposed

chemical reaction was described in equation 1.”°
2CuCl +2ZnCl, + SnCl, + 4SC(NH,), + 8H,0 = Cu,ZnSnS, +8NH,CI + 4CO, )

The “ink”-based approach has been of particular interest in recent years. It allows the use
of cost-effective, high-throughput deposition method including printing, spin-coating and
spraying.”® The “ink” can be solution, nanoparticles dispersion and mixed solution-

particle precursors.

Sol-gel method has been demonstrated in the preparations of CZTS thin film.”’ The
precursor contains Cu-, Zn-, Sn- salts, 2-methoxyethanol solvents and monoethanolamine
stabilizer. Subsequently, the film is annealed in H,S environment to form CZTS. In
another contribution, pyridine was used as the solvent and thioacetamide was used as the
sulfur source.”® The as-prepared film then underwent thermal treatment to form CZTS

film.

Besides the pure solution base approaches, the quaternary CZTS nanocrystals ink has
also been investigated.”® Figure 2.8 illustrate the general overview of the nanocrystal ink
approach which is reprinted from Bucherl et al.* In this method, the nanocrystals were

first synthesized in solution, and purified through centrifuge processes. The as-prepared
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nanocrystals were then dissolved in proper solvent to form the nanocrystal ink.
Subsequently, the ink could be deposited onto a substrate using various solution
deposition techniques including blade coating, spin-coating and spraying. The
nanoparticles thin film was then annealed or selenized to form dense absorber layer. Then
the solar cells could be fabricated using the as-prepared absorber layer. As for CZTS, the
CZTS nanocrystals dispersion is commonly used as the ink. However, the choices of ink
are not limited to CZTS nanocrystals only. Recently, Cao et al. demonstrated high
efficiency CZTSSe solar cells making use of well dispersed binary and ternary sulfides

. 1
nanoparticles."

(a) Solution-based synthesis (¢) Ink deposition onto substrate
(hot-injection illustrated) (blade coating illustrated)

Ink formulation

@ %

(e) Device finishing (d) Sintering and/or selenization, creating

f( S 1 dense, polycrystalline absaorber layer

n+ type window layer
— e b Taver
p-type sintered NG
absorber layer

Substrate

Figure 2.8. Overview of solar cell fabrication using nanoparticles “ink” approach. (a) synthesis of
nanoparticles, (b) nanoparticles ink formation, (c) film deposition, (d) heat treatment of as

deposited film and (e) Device fabrication. Reprinted from the work of Bucherl et al.*
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In addition to the above two ink approaches, a new type of inks containing both solution
and nanoparticles has been developed. Todorov et al. prepared the Cu,ZnSn(S,Se)4
(CZTSSe) absorber layer using ink comprised of Cu-, Sn- sulfide /selenide solution in
hydrazine and readily dispersible particle-based Zn-sulfide/selenide precursor in
hydrazine.” Thin film solar cells using this approach have reached a very high PCE of
9.66%. Recently, the efficiency has been increased to more than 11% using such

method.®

The ink-based approaches are very promising considering their high device performance.
However, the use of expensive, toxic solvents (e.g. oleylamine for CZTS nanocrystals ink,
hydrazine for hybrid solution-particles ink) may hinder their large scale production. In
this regard, inks which are low-cost and environmentally friendly are highly desirable. In
this thesis dissertation, the novel ink based on binary sulfides nanoparticles which makes
use of greener solvents such as water and ethanol is developed and will be discussed in

Chapter 5.

2.3 CZTSSe Based Solar Cells

The applications of CZTS have been mainly focused on TFSCs. Until now, the efficiency
has been increased to 8.4% for pure sulfide system and 11.1% for mixed sulfur-selenium
system.”” ® In this part, the recently development and progress of CZTSSe TESCs will

be reviewed.

The composition of CZTS is crucial for the device performance. Figure 2.9 shows the
reprinted ternary phase diagram of CZTS at equilibrium temperature of 400 °C.°' It

provides a guideline to understand the formation of CZTS as well as secondary phases,
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although a change in the equilibrium temperature might lead to slight variation to the
phase diagram. As shown in Figure 2.9, the quaternary CZTS phase is stable within a
small compositional range where Cu: Zn: Sn ratio is around 2: 1: 1. A number of
secondary phases including binary sulfides (Cu,S, ZnS), ternary sulfides (Cu,SnSj,
CusSnS,) as well as quaternary sulfides (Cu,ZnSn3Sg) may form depending on the ratio
of Cu: Zn: Sn. The above secondary phases are considered to be harmful to the
performance of CZTS solar cells. Therefore, the composition of CZTS should be adjusted

cautiously.

/7 7 7 7 — 20

Cu at% —

Figure 2.9. Ternary phase diagram of CZTS prepared by sulfidizing stacked metal layers.

Reprinted from the work of Platzer-Bjérkman et al.”'

Although the overall ratio of Cu: Zn: Sn could be managed easily, it might be difficult to
avoid localized secondary phases mainly due to the non-uniform mixing of precursors. In

such case, the localized secondary phases might lead to the poor device performance. To
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tackle this issue, the chemical etching processes are usually carried out for CZTS thin
film. The KCN etching was previously proved to enhance the performance of CulnyGa,.
«(S, Se), solar cells.®?? It was also adopted to eliminate the Cu-rich phases such as Cu,S,
Cu,SnS; in CZTS thin film.* The HCI etching was reported to be effective in removing

ZnS. The solar cells demonstrated an increase in efficiency from 2.7% to 5.2% with HCI

etching.64
(a) (b) ZnO CdS CZTSSe MoSe, Mo
TCO p G .
i-ZnO J Q"
- Cds o 2

~—
CZTSSe Fs ©—=

— Mo H
\ — Glass

Figure 2.10. (a) the architecture of CZTSSe based TFSCs and (b) its energy band diagram under

zero-bias.

Figure 2.10a shows the typical structure of CZTSSe based TFSCs with Glass/Mo
/CZTSSe/CdS/i-ZnO/TCO architecture. Sodium lime glass is usually used as the
substrate. And the 1 pum thick Mo electrode is deposited using sputtering. Subsequently,
the CZTS absorber layer can be coated through various thin film deposition techniques as
discussed in session 2.2. The thickness of CZTS layer may vary from a few hundred
nanometers to several micrometers. Sometimes the CZTS layer undergoes the
selenization process to form dense CZTSSe thin film. After that, the buffer layer of 50
nm CdS will be deposited on top of CZTSSe layer through chemical bath deposition

technique. Following that are 50 nm intrinsic zinc oxide (i-ZnQO) layer and 450 nm
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transparent conducting oxide (TCO) layer, which are sequentially deposited by radio-
frequency sputtering. The Al-doped ZnO (AZO) and In-doped SnO, (ITO) are two TCO
materials that are commonly used. Lastly, the top contact of a 500 nm thick Ni/Al is

deposited using thermal evaporation.

The energy band diagram of CZTSSe TFSC is illustrated in Figure 2.10b. When light is
shining through front contact onto CZTSSe absorber layer, photons with energy larger
than the band gap energy of CZTSSe will be absorbed. This promotes one electron to
jump from valence band to conduction band, which creates an electron-hole pair. The
excited electrons will then move to anode (front metal contact) and holes move to
cathode (Mo layer) according to the internal electric field. The complete circuit will be

formed when the two electrodes are connected.

Bag et al. reported a high efficiency CZTSSe TESC using hydrazine method.® Figure
2.11a shows the reprinted IV curve of as-prepared CZTS thin film solar cell, which has
efficiency (m) of 10.1% (Ji. = 38.7 mA/cmz, Voo =422.8 mV, FF = 61.9%). Figure 2.11b
presents the external quantum efficiency (EQE), which is very high (more than 80%) at
wavelength between 500 to 1000 nm. The main reason for the success of the hydrazine
approach could be attributed to the high-quality absorber layer. As shown in Figure 2.12a,
the CZTSSe film consists of large grain penetrating from the top to Mo electrode. The
large-grain structure is highly beneficial for the transport of charge carriers due to the low
density of grain boundaries. The EDX line scan in Figure 2.12b shows that the

composition is very uniform across the CZTSSe film.
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Figure 2.11. (a) J-V curve under light and dark condition. (b) EQE curve of the cell. Inset: band

gap determination of the cell from the EQE data. Reprinted from the work of Bag et al.®’
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Figure 2.12. Cross-sectional (a) TEM image and (b) EDX line scan of CZTSSe solar cell

prepared using hydrazine method. Reprinted from the work of Bag et al.®’

Besides thin film solar cells, CZTS may also be used in other types of solar cells. For
example, Saha et al. fabricated CZTS/PCBM bilayer solar cells with an efficiency of
0.9%.% Dai et al. used CZTS nanocrystals as sensitizer in the quantum dot sensitized

solar cells (QDSSC).36 In dye sensitized solar cells (DSSC), the use of CZTS
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nanocrystals thin film to replace precious Pt as the counter electrode has also been

reported.67
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Chapter 3: Controlled Synthesis and

Characterizations of Cu,ZnSnS, Nanoparticles

3.1 Introduction

Nanoparticles have been intensively studied ever since its discovery due to the potential
applications in electrical, optical and biomedical fields." 2 Owing to the quantum
confinement effect, both optical and electrical properties of materials, such as Au and
CdSe, at nanometer size range can vary with respect to the sizes.” For instance, the
absorption edge of CdSe nanocrystals blue shifts as the size increases from 17A to 1504,
showing a decrease in the energy band gap.* Hence, to be able to control the size of the

nanoparticles is of significant importance.

Nanoparticles can be used as the building blocks for micro-size grains and thin films, and
thermal treatments are usually employed to enhance the crystal growth.” This idea was
successfully demonstrated in photovoltaics devices by Gur et al.° In their work, CdSe and
CdTe nanocrystals were prepared in solution separately, and then spin-coated to form
CdSe donor layer and CdTe acceptor layer. The as-fabricated solar cell showed an
encouraging efficiency of 2.9%. Guo et al. made use of the idea in the preparation of
Cu,ZnSnS, (CZTS) based TFSCs.” A dispersion of pre-synthesized CZTS was used as
the ink and sprayed onto substrate to form nanoparticles film. The CZTS film was then

annealed in Se vapor and the device achieved a very promising efficiency of 7.2%.

The possibility of using CZTS nanocrystals dispersion as ink for the preparation of CZTS

thin film has sparked a great deal of research efforts on CZTS nanoparticles. The
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synthesis of CZTS nanoparticles was first reported using hot injection method.*'* This
method features a rapid injection of sulfur precursor into Cu-, Zn-, Sn-precursor at
elevated temperatures. Solvothermal synthesis route were also reported with different
variation in solvents and surfactants.'' More recently, Wang et al. adopted a more
environmentally friendly route and synthesized CZTS nanostructures using a

hydrothermal method."*

Among the synthesis methods discussed so far, the hot injection method offers good size,
shape and compositional control. It allows the nucleation and growth steps of
nanoparticles to be separated and thus offers narrower size distribution. Moreover,
through ligand optimization, the size as well as the shape of the nanocrystals could be
controlled.”” This method has been widely used in the synthesis of semiconductor
nanocrystals including CdSe, PbS, Sb,S;, Cu,InSe, and CzZTS* 10 1618 11 the case of
CZTS, near mono-disperse nanoparticles with size ranging from 10 nm to 50 nm could be
obtained.* ° The composition of nanoparticles could also be adjusted by modifying

relative amount of Cu-, Zn-, Sn- and S- precursors.7

Despite the above progress on the synthesis of CZTS nanoparticles, several issues remain
to be solved. First of all, the growth mechanism including the nucleation and growth
processes is still not clearly understood. In addition, the size and shape control of CZTS
nanocrystals remain to be quite challenging. The knowledge of the growth mechanism
and the size-, shape-control of CZTS nanocrystals would be very beneficial for their
application in solar cells or other potential applications. In this chapter, CZTS

nanoparticles are prepared using the hot injection method. The metal precursors used are
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generally Cu-, Zn-, Sn-chlorides/acetates/acetylacetonates. Prior to the reaction to form
CZTS, coordinating complex of Cu, Zn and Sn are first formed and then heated to the
reaction temperature before sulfur precursor was injected. Kesterite-type CZTS
nanoparticles are synthesized and studied in this chapter. We will investigate in-depth the
synthesis of CZTS nanoparticles using hot injection method. The growth mechanism for
CZTS nanoparticles is also proposed. The size and shape of CZTS nanoparticles will be

controlled through the optimizations of solvent and ligands.

3.2 Experimental Procedures

Chemicals

Copper (II) acetate (Cu(OAc),, Aldrich, 98%), zinc chloride anhydrous (ZnCl,, Sigma-
Aldrich, 99.99%), tin (IV) chloride pentahydrate (SnCls.5H,0, Sigma-Aldrich, 98%),
elemental sulfur (S, Aldrich), oleylamine (OLA, Aldrich, 70%), toluene (Aik Moh
Paints & Chemicals), methanol (Aik Moh Paints & Chemicals, 95%), ethanol (Aik Moh
Paints & Chemicals, 95%) and Milli-Q water (Millipore, 18.5 MQcm at 25 °C) were

purchased and used as received.

Experiment

The CZTS nanoparticles were prepared using hot injection method. The experimental
setup is shown in Figure 3.1. In a typical synthesis, 0.5 mmol Cu(OAc),, 0.25 mmol
ZnCl,, 0.25 mmol SnCly- 5SH,O and 5 ml OLA were mixed into a three neck flask. The
mixture was then gradually heated up under vacuum condition to remove moisture and
oxygen. At around 100 °C, the reaction setup was purged with N, gas. After that, the

reaction mixture was heated to 150 °C and incubated at this temperature for 30 min.
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During the incubation at 150 °C, the solution color turned from dark blue to yellow,
indicating the formation of the Cu-, Zn-, and Sn-OLA complex. And the Cu-, Zn- and Sn-
OLA complex will be denoted as the metal precursor. After that, the mixture was rapidly
heated to the reaction temperature, where sulfur precursor which contains 1 mmol S
dissolved in 1 ml OLA was rapidly injected. The solution mixture was maintained at the
reaction temperature for 1 hour. After that, the reaction system was cooled down in air to
room temperature. The as-prepared CZTS nanoparticles were washed four times using
toluene and ethanol. The nanocrystals dispersion can then be used for CZTS thin film

deposition.

—_—

VWatar Inlat

Metal precursor

Heating mantle

Figure 3.1: A brief illustration of experimental setup for the synthesis of CZTS nanocrystals

using hot injection method. The metal precursor contains Cu-, Zn- and Sn-OLA complex.
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Characterizations

The Grazing Incidence X-ray diffraction (GIXRD) patterns were collected using Bruker
D8 Advance equipped with Cu Ka radiation (A = 1.54 A). The diffraction was taken at a
fixed incident angle of 1°, and collected from 20° to 80° in steps of 0.05°. Rietveld
refinement was performed using TOPAS V3 software with fundamental parameter peak
profile for CZTS sample. A five-coefficient Chebychev polynomial and 1/x background,
a zero error, scale factor, lattice parameters and crystal size were successively refined.
SEM images were captured on a JEOL JSM 7600F FESEM at an accelerating voltage of
5 kV. The FESEM is equipped with an Oxford X-MAX energy dispersive X-ray
spectroscopy (EDS) detector, which was used to estimate the atomic ratio of CZTS thin
film. The EDS data were acquired at accelerating voltage of 20 kV. The film was
deposited on Si substrate to reduce the sample charging during imaging and EDX
measurement. The TEM analysis was performed using JEOL JSM — 2100F equipped
with EDAX EDS detector. The voltage used for imaging and elemental mapping was 200
kV. The UV-Vis-NIR absorption measurements were performed using a Shimadzu UV-

Vis-NIR PerkinElmerLambda 900 spectrophotometer.

3.3 Results and Discussion

In order to achieve good control over the synthesis of CZTS nanoparticles, it is important
to understand the effects of several critical factors in synthesis of these nanoparticles.
These factors include reaction temperature, reaction time, solvents and surfactants. The
reaction temperature may affect the phase formation of CZTS and with this knowledge

we will be able to figure out an optimum reaction temperature for pure CZTS. The time-
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dependent studies can help us to gain an in-depth understanding of the nucleation and
growth processes. In addition, the formation mechanism of CZTS nanocrystals is
proposed. Lastly, through the solvent-ligand optimization, it is possible to control the size

and shape of CZTS nanoparticles.
3.3.1 Effect of reaction temperature

The reaction temperature strongly influences the reaction kinetics of the synthesis
process.'” ?° In this section, the reaction temperatures from 180 to 260 °C were
investigated. The reaction time was fixed at 1 hour for all temperatures. Figure 3.2
presents the XRD patterns of samples synthesized at 180, 200, 220, 240 and 260 °C. All
the XRD patterns exhibit 20 peaks at 28.5°, 33°, 47.3°, 56.2°, 69.3° and 76.5°. The above
six diffraction peaks match well with the CZTS kesterite database (JCPDS no. 26-0575),
indicating the formation of CZTS kesterite at all five reaction temperatures. It is also
noticed that for samples prepared at 180 °C, a strong diffraction peak around 46.4°
together with minority peaks at 49.4° and 54.8° were also detected. These three peaks can
be assigned to CugSs (JCPDS no. 47-1748). The observation of Cu,S phases at reaction
temperature below 180 °C in the synthesis of CZTS agrees well with the other reports on
secondary phases obtained in non-injection synthesis.19 Although the XRD patterns of the
samples (except those samples prepared at 180 °C which contains CugSs) matched well
with CZTS kesterite database, it is difficult to confirm the formation of CZTS kesterite
based on the XRD data. The reason is that CZTS kesterite shares very similar
crystallographic structures and thus the XRD patterns with a few binary and ternary

impurity phases including Cu,S (JCPDS no. 4-15-2234), ZnS (JCPDS no. 5-0566) and
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Cu,SnS;3 (CTS) (JCPDS no. 1-089-4714). Hence, besides XRD, a more differentiating
study of the nanoparticles synthesized is required to exclude the existence of the above

binary and ternary phases.
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Figure 3.2. The XRD diffraction patterns of samples prepared at different reaction temperatures
of 180, 200, 220, 240 and 260 °C. The standard diffraction peaks for kesterite CZTS (JCPDS no.
26-0575) is provided.

Raman spectroscopy is useful in detecting the vibrational, rotational, as well as other
low-frequency modes in materials. The Raman shifts for CZTS (288 cm™, 338 cm™, 368
cm™) and CupS (264 cm™ and 475 cm™), ZnS (278 cm™ and 351 cm™), orthorhombic

CTS (318 cm™) as well as tetragonal CTS (298 cm’' and 356 cm™) are distinct, and thus
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Raman spectroscopy are usually used to differentiate these compounds or identify
impurity phases.”’ Figure 3.2 presents the Raman analysis for CZTS samples
synthesized at the five different temperatures. As shown in Figure 3.3, the Raman shifts
exhibit a major peak at 338 cm™ for all temperatures, which corresponds to the Raman A
mode of CZTS.?® Besides, two weak shoulder peaks at 288 and 368 cm™! could also be
noticed. In some cases, these shoulder peaks are not quite distinct due to the following
two reasons: (i) the influence of surfactants and (ii) the broadening of 338 cm’! peak at
nanometer size. The Raman peaks of 288, 338 and 368 cm™' matched well with CZTS,
indicating the formation of CZTS phase. As for samples synthesized at 180 °C, two
additional peaks at 264 cm™ and 318 cm™ could also be noticed. The peak at 264 cm’™
originates from the Cu,S impurity phase, which is in good agreement with the
observation of CugSs from the XRD studies. The peak at 318 cm’! could be attributed to
orthorhombic CTS. The Raman data suggests that the binary Cu,.S, ternary CTS and
quaternary CZTS co-exist in the samples synthesized at 180 °C. Similarly, the sample
prepared at 200 °C was found to contain a mixture of CZTS and CTS. For samples
synthesized at 220, 240 and 260 °C, no other peaks could be observed except peaks
related to CZTS (288, 338 and 368 cm'l), which indicates pure CZTS phase were
obtained. The absence of the binary and ternary phases at these temperatures suggests
quaternary CZTS phase are favored at high temperature. It is also noticed that the peak at
338 cm™ becomes broader with the increase in temperature from 220 °C to 260 °C, which
could be attributed to the decrease in nanoparticles size with the increasing reaction
temperature. The increase in reaction temperature greatly decreases the stability of

precursors and increases the energy for reaction thus resulting in fast nucleation and
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growth of nanocrystals.”” This will lead to more nuclei at high reaction temperature and

thus a decrease the average size of nanoparticles.
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Figure 3.3. The Raman analysis of samples prepared at different reaction temperatures of 180,
200, 220, 240 and 260 °C. The peak positions of 288, 338 and 368 cm’ are labeled with vertical
dotted lines.

Based on the results from temperature studies, pure kesterite CZTS nanoparticles were
definitely formed at 240 °C. The nanoparticles prepared at 240 °C were further
investigated using XRD, EDX, TEM and UV-vis-NIR spectroscopy. Figure 3.4 displays
the rietveld refinement XRD data obtained from samples prepared at 240 °C. A long 260
range of XRD scan from 10° to 120° was used. The peaks at 18.2°, 28.5°, 33.0°, 38.0°,

45.0°, 47.4°, 56.3°, 59.0°, 69.3°, 76.5°, 88.2°, 95.2°, 107.0° and 114.4° could be observed
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from the XRD measurements. All these peaks match well with the simulated CZTS XRD
pattern, with the observed peaks corresponding to (101), (112), (200), (211), (105), (220),
(312/303), (224), (008), (332), (228), (512), (440) and (532) planes respectively. The

results from rietveld refinement indicate pure CZTS kesterite was synthesized.
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Figure 3.4. The rietveld refinement XRD data obtained from samples prepared at 240 °C. A five-
coefficient Chebychev polynomial and 1/x background, a zero error, scale factor, lattice

parameters, crystal size and preferred orientation were successively refined.

The average composition of CZTS nanoparticles was determined by Energy Dispersive
X-ray Spectroscopy (EDS) installed in a FESEM (JEOL 7600F). The samples were
prepared by drop-casting CZTS nanoparticles dispersion in toluene onto a sodium lime
glass substrate. The percentages of S, Cu, Zn and Sn for five different spots were
measured. And then the average percentages of all four elements were determined. The

ratio for each element was calculated by dividing each percentage with 12.5%
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respectively. In the stoichiometric CZTS, the Cu, Zn, Sn and S ratio is 2: 1: 1: 4, and
therefore 100%/(2+1+1+4) = 12.5% is used. The average ratio of Cu, Zn, Sn and S was
determined to be 1.96: 0.80: 1.05: 4.19 and thus the chemical formula could be written as
Cu;.96Zn0 30Sn; 05S4.19. The details of EDX results could be found in Appendix A. It could
also be noticed that the composition of as-synthesized CZTS nanoparticles is slightly Zn-
poor. The reason is due to the relatively low reactivity of Zn precursor compared with
other precursors.”® The Zn-poor issue could be solved by using a move reactive Zn-

precursor, for example, Znl,.

Figure 3.5. (a) TEM and (b) HRTEM images of as-synthesized CZTS. The TEM sample was
prepared by dropping casting CZTS nanoparticles suspension onto a Ni-grid.

Figure 3.5 shows transmission electron microscopy (TEM) images of the as-synthesized
CZTS nanoparticles. As shown in Figure 3.5a, CZTS nanoparticles have near spherical
shape and the average size of the nanoparticles is estimated to be around 19.8 + 3.9 nm.
The HRTEM image is displayed in Figure 3.5b and the lattice spacings of 0.31 nm and

0.27 nm were measured, which corresponds to (112) and (020) planes respectively. In
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order to determine the distribution of Cu, Zn, Sn and S in CZTS nanoparticles, the
scanning transmission electron microscopy — energy dispersive X-ray spectroscopy
(STEM-EDS) elemental mapping was performed as shown in Figure 3.6. It could be

noticed that all the elements (Cu, Zn, Sn and S) were distributed uniformly within the

inspected CZTS nanoparticles, which serves as another evidence for the formation of

pure CZTS.

Figure 3.6. STEM-EDS elemental mapping of as-synthesized CZTS nanocrystals. The

distributions of Cu, Zn, Sn and S were presented.

Figure 3.7 shows the UV-vis-NIR absorption spectrum (1200 nm to 400 nm) of the
nanoparticles synthesized at 240 °C. The onset of absorption is found to be about 800 nm.
The inset of Figure 3.7 shows the of (ohv)* vs. hv plot, from which the band gap can be
calculated using the intercepts on the hv axis by elongating the linear region of the curve.
In this case, the band gap of CZTS nanoparticles was determined to be 1.55 eV, which

matched well with the band gap for near stoichiometric composition published previously.
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Figure 3.7: UV-vis absorption spectrum of as synthesized CZTS nanocrystals. Inset shows the hv

vs. (¢hv)” and the band gap is calculated to be 1.55 eV.

3.3.2 Effects of reaction time — A study on the growth mechanism

The effects of reaction time were investigated to understand the nucleation and growth
process during the synthesis. This will allow better control of the size and stoichiometry
development during the synthesis. The reaction temperature was fixed at 240 °C. During
the reaction, aliquots of 1 ml were extracted immediately after injection (0 min) and at
different time intervals thereafter (10 min, 30 min, 1 hour, 2 hour and 6 hour). Each
aliquot was subsequently quenched to room temperature and the products are studied

using XRD and TEM.
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Figure 3.8 shows the XRD patterns of CZTS extracted at the different time intervals. It
could be noticed that the six CZTS nanoparticles samples synthesized at different
reaction time exhibit almost identical XRD patterns. The three major peaks at 28.5°, 47.6°
and 56.3° are the characteristic peaks for kesterite CZTS and are observed at all different
reaction times. These findings indicate that well crystalline kesterite CZTS nanoparticles
formed very soon after injection of sulfur precursor and the kesterite CZTS phase was
maintained throughout the investigated time interval. It is also worth to note that no
intermediate products or impurity phases can be detected throughout the duration

investigated.
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Figure 3.8: The XRD patterns of CZTS nanoparticles synthesized at different reaction time of 0
min, 10 min, 30 min, 1 h, 2 h and 6 h.
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Figure 3.9. The TEM images of CZTS nanoparticles synthesized at 240 °C with different reaction
time of (a) 0 min, (b) 10 min, (¢) 30 min, (d) 1 h, (¢) 2 h, and (f) 6 h. The scale bar stands for 100

nm for all. (g-1) presents the size distribution for (a-f) sequentially.

Table 3.2 The average size and standard derivation of

CZTS nanoparticles with respect to reaction time

30min 1hour 2hour 6 hour

19.8 314 443

size 0 min 10 min
15.6 17.5 18.0
4.2 3.7 3.9 94 22.3

Ave. size (nm)

Std. Dev. (nm) 5.0

Figure 3.9 shows the TEM images of CZTS nanoparticles collected at different stages

during the reaction and also their respective size distributions. As shown in Figure 3.9a (0
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min), nanoparticles were formed immediately after injection of sulfur precursor,
indicating a fast reaction rate. The size of the nanoparticles is between a few nanometers
to a few tens of nanometers. And the shapes of the nanoparticles are generally irregular
with near spherical, triangular, elongated shapes. The average size of the pictured
nanoparticles (Table 3.2) was determined to be 15.6 £ 5.0 nm. As the reaction time
increases to 10 min (Figure 3.9b), the ratio of small particles (< 10 nm) decreased,
implying the crystal growth of small particles. The average crystal size increased to 17.5
+ 4.2 nm. In addition, the shapes of nanoparticles became more spherical. At reaction
time of 30 min (Figure 3.9c), the nanoparticles continue to grow and the average crystal
size increased to 18.0 £ 3.7 nm and the size distribution became narrower. The shapes of
nanoparticles became near spherical and were more uniform than 0 and 10 min. At 1 h
(Figure 3.9d), the nanoparticles continued to grow to 19.8 nm, however the size
distribution became slightly poorer. The near spherical shape of the nanoparticles
maintained. After 2 h (Figure 3.9¢), the average crystal size increases significantly to
31.4 nm. In addition, the size distribution became much poorer with some particles larger
than 50 nm while some are smaller than 10 nm. At 6 h (Figure 3.9f), the average size of
nanoparticles continue to grow to 44.3 nm, while the size distribution become even
poorer than 2 h. The results of time dependent studies are in good agreements with earlier

work.’

From 30 min onwards, the nanoparticles growth follows a similar process to that of
Ostwald ripening, for which the large particles grow at the expense of the dissolution of
smaller particles. In a classic Ostwald ripening model, the average radius (R) is

1/3

proportional to time in the power of 1/3 (t'”). Figure 3.10 presents average size vs. t'”
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3 from

plot. It is found that the average sizes of nanoparticles are linearly dependent on t
30 min onward. These results show that the nanoparticles growth followed an Ostwald
ripening process. It happens when the concentration of precursors drop to a critical level
that further growth of nanoparticles requires the dissolution of small particles to provide

additional precursors. Due to the Ostwald ripening, the size distribution becomes poorer

with the increase of reaction time.
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Figure 3.10. The average size of nanoparticles vs. t"* plot where t is the reaction time. The near

linear relationship is observed from 30 min onward.

The growth mechanism of CZTS nanoparticles can be proposed based on results from
time-dependent studies. Before the injection of S precursor, the metal precursor form
stable yellowish Cu-, Zn-, Sn- OLA complexes at elevated temperature.’ In the earlier

reports, it was found that the sulfur precursor form alkylammonium polysulfides at room

51



Chapter 3 Synthesis of CZTS nanoparticles

temperature.” ** Upon injection of cold sulfur precursor into hot metal precursor, the
temperature of sulfur precursor is suddenly raised to above 200 °C and H,S is produced.’”
In the reaction mixture, the S, Cu, Zn and Sn species suddenly reach supersaturation
stage, and therefore precipitate out as CZTS nanoparticles. The Cu, Zn and Sn form
similar bonding with OLA with comparable high reaction rates at the reaction
temperature of 240 °C. That is why pure kesterite CZTS is formed with no noticeable
binary or ternary impurity phases. The formation of nanoparticles usually consists of
nucleation stage and growth stage.”’ In the case of CZTS nanoparticles, the nucleation
occurs so fast that we were not able to capture the nucleation stage. As discussed in
previous paragraph, well crystalline CZTS nanoparticles with average size of 15.6 nm
formed immediately after injection. The size of nanoparticles increases as reaction time

increasing from 0 min to 6 h.

It is noticed that the size distribution first become narrower from O min to 30 min, and
then become wider from 30 min to 6 h. This observation is understandable. From 0 min
to 30 min, the nanoparticles grow with the consumption of precursors in solution. The
small particles have high surface energy and thus are prefered to grow. At around 30 min,
the precursor concentration is reduced to a critical level, where the precipitation and
dissolution of CZTS nanoparticles are in equilibrium. Further growth of CZTS
nanoparticles requires the dissolution of some nanoparticles, similar to the phenomenon
of Ostwald ripening. Small particles are less stable and therefore dissolve and re-
precipitate onto large particles. The average size of nanoparticles increases at the expense

of size distribution.
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3.3.3 Effect of solvent and ligand

It is well known that the solvent and surfactant have great influences over the final size
and shape of the nanoparticles.34’ 3 In the above synthesis, OLA serves both as solvent
and surfactant. It is therefore difficult to distinguish the relative amount of solvent as well
as surfactant. As a result, the size and shape control becomes challenging. One way to
overcome this issue is to separate the function of the solvent and ligand by using two
chemicals instead of only OLA. And one chemical will behave solely as solvent and

another chemical as the ligand.

Panthani et al. reported the synthesis of CulnS, (CIS) nanoparticles with dichlorobenzene
(DCB) as solvent and OLA as ligand.5 In our modified synthesis, 1,2-dichlorobenzene
(DCB) was introduced as the new solvent and OLA was used as the ligand. Copper
acetylacetonate, zinc acetylacetonate, tin bis(acetylacetonate) dichloride and elemental
sulfur were used as the precursors. All above precursors could dissolve very well in DCB.
Thus, unlike the typical synthesis where OLA serves as both solvent and ligand, the
functions of solvent and ligand are separated in the modified synthesis. The similar
experimental procedures were used in the modified synthesis. 10 ml of DCB were used in
the synthesis and the amount from OLA varied from O ml, 1 ml and 2ml. The reaction
was kept at 180 °C for 1 hour. The reaction temperature of 180 °C rather than higher

temperature was used is because the boiling point of DCB is around 180 °C.

Figure 3.11a presents the XRD pattern of as-synthesized CZTS nanoparticles with 1 ml
OLA. The XRD pattern matched well with CZTS database (JCPDS no. 26-0575). The

peaks at 2 Theta angle of 28.5° 33.0° 47.3° 56.2° 59.0°, 69.3° and 76.5° correspond to
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(112), (200), (220), (312/303), (224), (008) and (332) planes respectively. The Raman
peaks at 288, 338 and 368 cm™ (Figure 3.11b) provides additional evidence for the
formation of CZTS phase. It is worth highlighting that in the system where OLA serves
as both solvent and ligand, in addition to CZTS, Cu,«S and CTS impurity phases were
also formed. On the other hand, in the system with DCB solvent and OLA ligand, pure
CZTS phase was produced. One possible reason could be due to sp2 orbital associated
with DCB, which changes the reaction kinetics compared with that of OLA solvent-
ligand system. In OLA solvent, the Cu- and Sn- species have relative high reaction rate
compared to others, therefore Cu-, Sn- rich phases were formed. While in DCB solvent,

the Cu-, Zn- and Sn- species have comparable reaction rate, leading to formation of

quaternary CZTS phases.
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Figure 3.11. (a) The XRD pattern and (b) the Raman analysis of CZTS nanoparticles synthesized
with DCB solvent and 1 ml OLA as surfactant.
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When the function of solvent and ligand is separated, it is possible to investigate how the
amount of ligands can control morphological development. Hence the effect of the
amount of OLA on the size and shape of CZTS nanoparticles were also investigated.
Figure 3.11 shows the CZTS nanoparticles synthesized with O ml, 0.5 ml, 1 ml and 2 ml
OLA respectively. As shown in Figure 3.12a, the CZTS form sub-micrometer size cluster
without OLA. The nanoparticles are inherently instable due to the high ratio of surface
atoms. Therefore, they tend to aggregate into large clusters without the passivation of
surface atoms either by surfactants or electrical charge. In Figure 3.12b, highly mono-
disperse nanocrystals were obtained with the addition of 0.5 ml OLA surfactant. The
nanoparticles show an average size of 6.2 nm and exhibit a near-spherical shape. As the
amount of surfactants increases to 1 ml (Figure 3.12c), the nanoparticles show faceted
edge and the average size increased to about 9.3 nm. With further increase in the amount
of surfactants to 2 ml (Figure 3.12d), the nanoplates were produced. The majority low
contrast nanoparticles show the lying nanoplates while the occasional high contrast site
picturing the standing nanoplates. These nanoplates have an average thickness of 3.7 nm
and an average length of 12.6 nm. Figure 3.12 e and f display the high resolution TEM
images of CZTS nanoparticles synthesized with 1 ml and 2 ml of OLA respectively. In
both images, the lattice spacings of 0.31 nm and 0.27 nm are measured, which correspond
to the (112) and (020) planes for kesterite CZTS. Particularly, the lying nanoplates
investigated in Figure 3.12d show the lattice spacings compatible with (112) and (020)
planes. These observations indicate that the growth of (112) and (020) planes is favored,
while the growth in the direction of corresponding zone-axis, or [201] is strongly

inhibited. The above results explain why the faceted and nanoplates shapes are formed.
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Figure 3.12. TEM images of CZTS nanoparticles with (a) 0 ml, (b) 0.5 ml, (¢) 1 ml, (d) 2ml OLA,
and HRTEM images of CZTS nanoparticles with (e) 1 ml OLA and (f) 2 ml OLA.

From the TEM micrographs shown in Figure 3.12, there is a significant change in the size
and shape of the nanoparticles with respect to the amount of surfactant. The reason for
this can be understood by looking at the dynamics of surfactants in the reaction mixture.
It was well known that the surfactant plays a critical role in determining the size and

shape of the nanostructures.”” 36-37 The packing density of the ligand on the nanoparticles
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surface determines the growth rate of that surface. At low packing density, the surface
could be easily exposed to the reaction environment therefore that surface is more
reactive. At high packing density, the surface is well protected by abundant ligands, and
that the growth on that surface is inhibited. At low surfactant supply, in this case 0.5 ml
OLA, the ligands are relative uniformly distributed on all the CZTS surfaces and not
sufficient to fully inhibit growth on any facet. As a result, the near spherical shape will be
obtained. As the amount of OLA increases to 1 ml, the supply of ligands became
abundant. Instead of distributing uniformly on all surfaces, additional OLA favors certain
surfaces, which results in the inhibition of growth on these surfaces. Therefore, the

surfaces that are favored by OLA grow slowly and facets are formed. Based on high-

resolution TEM images, it was found the crystal growth along [201 ] direction is
inhibited, which suggests that the OLA surfactants pack in highest density in its
corresponding lattice planes than other planes. As the amount of OLA increases further to
2 ml, the selectivity of ligand on nanoparticles surface are further enhanced, with much

more ligand on just the one plane, leading to the formation of nanoplates.

The major advantage of the separation in the role of solvent and ligand is that it offer
better size and shape control than the OLA synthesis. In this work, we managed to some
extent to control the shape of CZTS nanoparticles by tuning the amount of surfactants:
aggregated form (0 ml OLA), spherical (0.5 ml OLA), faceted (1 ml OLA) and
nanoplates (2 ml OLA). Further studies may focus on other solvent-ligand combination to

achieve other morphologies. The selection of solvent may include hexadecane (CicHz4)
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and octadecane (C;gH3g). And the selection of surfactant may include hexadecylamine

(HDA), trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO).

3.4 Conclusions

In conclusion, CZTS nanoparticles were successfully synthesized using hot injection
method. It was found that at low reaction temperature, the binary Cu,.«S and ternary CTS
were synthesized together with quarternary CZTS phases. At reaction temperature of 220
°C and above, pure CZTS phases are favored. Detailed XRD analysis of CZTS
nanoparticles synthesized at 240 °C confirmed that pure kesterite CZTS were indeed
formed at this temperature. The average ratio of Cu, Zn, Sn and S was estimated to be
1.96: 0.80: 1.05:4.19. The average size of CZTS nanoparticles was determined to be 19.8
nm. The STEM-EDS analysis shows that the Cu, Zn, Sn and S are distributed uniformly
in the nanoparticles. The optical band gap of the CZTS nanoparticles was estimated to be
1.55 eV based on UV-vis-NIR absorption measurements. The reaction time will greatly
affect the size of nanoparticles. CZTS nanoparticles formed immediately after injection
of S precursor. From 0 min to 30 min, the average size of the nanoparticles gradually
increased and the size distribution became narrower. With longer reaction time, the
nanoparticles show the phenomenon of Ostwald ripening. The size and shape of
nanoparticles could be controlled through solvent-ligand optimization. With DCB as the
solvent and OLA as the ligand, sub-micrometer size clusters (0 ml OLA), near-spherical
shape (0.5 ml OLA), faceted (I ml OLA), and nanoplates (2 ml OLA) CZTS

nanostructures were synthesized.
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Chapter 4: Controlled synthesis of kesterite and

wurtzite CZTS nanoparticles through sulfur precursor

4.1 Introduction

As discussed in the previous in Chapter 3, the size, shape and stoichiometry of kesterite
CZTS nanocrystals can be controlled generally through the understanding and controlling
the reaction kinetics. On top of these, it is also possible to alter the crystal structures by
taking into account of the reactivity of precursors. In this chapter, the synthesis and
characterization of kesterite, wurtzite, mixed kesterite-wurtzite phases will be presented.
In an earlier work, Xu et al. reported that the wurtzite structure of CIS shows better
electron excitation and transport properties than the chalcopyrite structure (similar crystal
structure with CZTS kesterite structure). These findings suggest that the changing of
crystal structures might result in variations in material properties. Therefore, in this work,
the optical and electrical properties of CZTS kesterite and wurtzite structures are also

evaluated and compared.

The ternary or quaternary semiconductor compounds can be considered as the derivatives
of binary semiconductor compound with a series of cation substitutions.”™ This suggests
that the crystal structures of the ternary or quaternary semiconductor compounds could
derive from the binary compounds. Essentially, the rule is that the total charges of all

cations after the substitutions must be equivalent with that before substitution in order to
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maintain charge neutrality of the compound. For instance, two B** ions from the Periodic
Table group II may be replaced by one A* ion from group I and one C** ion from group
IIT; two C** jons (group III) could also be substituted by one B** ion (group II) and one

D* ion (group IV).

Figure 4.1 describes the cation substitutions of binary ZnS compound to form ternary
CulnS; and quaternary Cu,ZnSnS4 compounds. ZnS (II-VI) consists of Zn** cation and
S% anion. With the cation substitutions, two Zn** ions can be replaced by one Cu” ion and
one In’* ion to form ternary CulnS, (I-III-VI,) compound. Similarly, the quaternary
CuyZnSnS, (I,-1I-IV-VI,) compound could be obtained by cation substitution of ternary
CulnS, (I-1II-VI;) compound. The substitution is performed by replacing two In** ions
with one Zn** ion and one Sn** ion. Therefore, the ternary CulnS, and quaternary
CuyZnSnS, are derived from ZnS through cation substitutions. In addition, the effective
ionic radius of Zn** (74 pm), Cu* (77 pm), In>* (80 pm) and Sn** (69 pm) are very
similar.’ Therefore, it is very likely for CulnS, as well as Cu,ZnSnS, to adopt the crystal

structure of ZnS with the relevant cation substitutions.

Element Groups

1 1 il v \% VI

ZnS
‘ S I-VI
E CuIllSz
. I S v,
; : Cu,ZnSnS,
@ @ o~ LR

Figure 4.1. Close relationship of ternary CulnS, and quaternary Cu,ZnSnS, to binary ZnS with

cation substitutions.
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ZnS compound crystallizes mainly in two polymorphs: zinc blende and wurtzite
structures.®® Similarly, the crystal structures of CulnS, and Cu,ZnSnS, could also be
categorized into zinc blende type and wurtzite type. As there are more cations in the case
of the ternary and quaternary compounds, the crystal structures of ternary CulnS, and
quaternary Cu,ZnSnS, have an additional complication related to the orderings of cations.
For example, in the zinc blende type CulnS,, the ordering of cation layers and anion
layers may alternate either as Culn/SS/Culn/SS (Chalcopyrite) or as CuCu/SS/InIn/SS
(CuAu-like) along the crystallographic c-direction to form two distinctly different crystal
structures.” For CuyZnSnS,, the number of cations increases to three (Cu, Zn, Sn)
compared to two (Cu, In) for CulnS,. As a result, more variations of atom orderings as

well as crystal structures could be expected.

Until now, the kesterite, stannite, wurtzite, wurtzite-kesterite and wurtzite-stannite

10-12
d.

structures of CZTS have been reporte In the early works, CZTS was demonstrated

to crystallize in zinc blend type structures, of which kesterite and stannite are the two

101314 These two polytypes have different cation orderings: the

low-energy polytypes.
kesterite lattice has a tetragonal unit cell with alternating cation and anion layers in the
ordering of CuZn/SS/CuSn/SS along crystallographic c-direction, while for the stannite
lattice this ordering changes to CuCu/SS/ZnSn/SS." Recently, the wurtzite type CZTS
has been reported by several different research groups. Lu and co-workers synthesized
wurtzite CZTS nanostructures, which adopted a hexagonal unit cell.'' The synthesis of
wurtzite CZTS nanorods were also reported.16 More recently, wurtzite-related phases, or

12,17
d.”

more accurately wurtzite-kesterite and wurtzite-stannite phases, were reporte Lu et
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al. attributed the reason for the formation of wurtzite phase to the use of dodecanethiol,

while Regulacio et al. claimed it was due to the influence of surfactant.'" !’

(b)

‘2%
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o« wol Y.

< @ s | s
p%e2 ,I:T

Figure 4.2. The unit cell structure of CZTS (a) kesterite (in the Cu-Zn layer, the Cu and Zn ions

have equal occupancy of 0.5) and (b) wurtzite (the red ion represent Cu, Zn or Sn ions with the

0.5 occupancy of Cu ion, 0.25 occupancy of Zn ion and 0.25 occupancy of Sn ions).

Kesterite and wurtzite are two common CZTS crystal structures and have been
intensively studied. Figure 4.2 shows the unit cell structures of CZTS - kesterite and
wurtzite. The kesterite structure (Figure 4.2a) has a tetrahedral crystal structure similar to
the zinc blende structures. The cation layers and anion layers alternates as
CuSn/SS/CuZn/SS. In the Cu-Zn layer, due to the small energy differences, the positions
of Cu and Zn are interchangeable, and the Cu and Zn ions can be considered as randomly
distributed in this layer. The wurtzite structure (Figure 4.2b) takes the hexagonal closed
packed crystal structure with Cu, Zn and Sn ions residing in the interstices between S

ions. The ratio of Cu, Zn and Sn ions are maintained at 2: 1: 1. The difference in crystal
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structure may have great effect on material property. For examples, studies based on
density functional theory show that the kesterite structure is more thermodynamically
stable than stannite polytypes of CZTS.'"*'® The wurtzite structures of CZTS were only

reported not long ago, and thus little was known about its optical and electrical properties.

Various synthesis methods have been developed to synthesize the two crystal structures.
Guo et al. synthesized kesterite CZTS nanoparticles using the hot injection method and
demonstrated their solar cell performalnce.10 Todorov et al. deposited kesterite CZTSSe
thin film by spin-coating hybrid solution-particles precursors in hydrazine.'” The
nanoparticles ink approach and hydrazine approach obtained high efficiencies due to the
high quality of CZTSSe film prepared using respective methods.”” *' Scragg et al.
prepared kesterite CZTS thin film using electrodeposition method.* Recently, Lu et al.
synthesized wurtzite CZTS nanoparticles for the first time."" Not long ago, the synthesis
of wurtzite CZTS nanorods were reported.16 Despite excellent progress in the synthesis of
CZTS kesterite and wurtzite, the key factors that determine the formation of the two
phases are still not quite clear. In order to effectively control the phases, it is important to
understand the formation mechanisms of the two phases. In addition, a detailed study of
how the crystal structures may alter the optical and electrical properties of the two phases

will be very useful for their application in thin film solar cells.

In this work, we demonstrated that it is possible to control the synthesis of kesterite,
wurtzite and mixed kesterite-wurtzite CZTS nanoparticles by simply tuning the sulfur
sources. This is due to a variation in the reactivity of the various sulfur sources. Three

sulfur sources were used and they are elemental sulfur (S), 1-dodecanethiol (DDT) and

67



Chapter 4 Phase Control of CZTS Nanoparticles

thioacetamide (TAA). The formation mechanism of CZTS Kkesterite and wurtzite were
also investigated and discussed. The effects of the crystal structures on the optical
absorbance, conduction band and valence band energy levels as well as the

photoresponse were also studied.
4.2 Experimental details

Materials: Copper (II) acetate (Cu(OAc),, Aldrich, 98%), zinc chloride anhydrous
(ZnCl,, Sigma-Aldrich, 99.99%), tin (IV) chloride pentahydrate (SnCl4.5H,0, Sigma-
Aldrich, 98%), elemental sulfur (S, Aldrich), oleylamine (OLA, Aldrich, 70%), 1-
dodecanethiol (DDT, Aldrich, 98%), thioacetamide (TAA, Sigma-Aldrich, 98%), toluene
(Aik Moh Paints & Chemicals) and ethanol (Aik Moh Paints & Chemicals, 95%) were

purchased and used as received.

Synthesis: The synthesis was carried out using hot injection method with the similar
experimental procedures to those Chapter 3. The reaction temperature was set at 235 °C
and a fixed reaction time of 1 hour was used. The sulfur precursor was prepared by
dissolving or mixing 1 mmol sulfur source with 1 ml of OLA at room temperature. In this
work, three types of sulfur source were used, and they are elemental sulfur (S), 1-
dodecanethiol (DDT) as well as thioacetamide (TAA). The reaction temperature was
maintained at 235 °C for 1 hour before cooling down to room temperature. The as-
prepared CZTS nanoparticles were washed three times using toluene and ethanol. In the
following session, the final product obtained synthesized from elemental S, DDT and

TAA will be denoted as sample S, sample DDT and sample TAA respectively.
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Characterizations: The Grazing Incidence X-ray diffraction (GIXRD) patterns were
collected using Bruker D8 Advance equipped with Cu Ko radiation (A = 1.54 A). The
diffraction was taken at a fixed incident angle of 1°, and collected from 20° to 70° in steps
of 0.05°. Rietveld refinement was performed using TOPAS V3 software with
fundamental parameter peak profile for CZTS sample. A five-coefficient Chebychev
polynomial and 1/x background, a zero error, scale factor, lattice parameters and crystal
size were successively refined. The Raman analysis was performed using a WITec
Confocal Raman Spectroscopy with a 488 nm laser. The atomic ratio of Cu, Zn, Sn and S
was measured with an accelerating voltage of 20 keV using an Oxford X-MAX energy
dispersive X-ray spectroscopy (EDS) detector which is equipped on a JEOL JSM 7600F
FESEM. The transmission electron microscopy (TEM) analysis was performed using a
JOEL JSM - 2100F TEM at accelerating voltage of 200 kV. The UV-Vis absorption
spectra were obtained using a Shimadzu UV-Vis-NIR PerkinElmerLambda 900
spectrophotometer. Cyclic voltammetry (CV) measurements were performed on an
Autolab PG302N electrochemical workstation. Carbon, gold and Ag/AgCl electrodes

were used as working electrode, counter electrodes and reference electrode respectively.

4.3 Results and Discussion

The effect of CZTS crystal structures on the optical and electrical properties can only be
investigated if the crystal structures can be synthesized. Therefore, the controlled
synthesis of the kesterite, wurtzite and mixed kesterite-wurtzite structures will be
presented first. Next, the three crystal structures are investigated using XRD, Raman

spectroscopy and high-resolution TEM. Following that the formation mechanisms for
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kesterite and wurtzite phases will be proposed based on time-dependent studies. Finally,

the impact of the structures on the optical and electrical properties will be examined.
4.3.1 Synthesis of CZTS nanoparticles with different phases

In the synthesis of CZTS nanoparticles, the precursors may have strong effect on the
phase formed. In general, kesterite structures are obtained when elemental S is used as
the sulfur source, whereas the wurtzite structures are mostly produced with alkyl thiols as
sulfur source,!® 11131517 However, for these synthesis of kesterite and wurtzite discussed
in literatures, other experimental parameters, such as solvents, surfactants, concentration,
reaction temperature and time, are also varied. These variables make it difficult to
conclusively determine the key parameter that determines the formation of kesterite and
wurtzite. We think that the crystal structures obtained is highly dependent on the
reactivity of the precursors and in order to show this, in this work, we fixed all other
experimental conditions and only vary the sulfur source. The three common sulfur
sources - elemental sulfur (S), 1-dodecanthiol (DDT) and thioacetamide (TAA) were

used.

Figure 4.3 presents the XRD patterns of CZTS nanoparticles synthesized using various
precursors (S, DDT and TAA) with 20 ranging from 20° to 70°. They are denoted using
the sulfur precursors used in the synthesis for convenience, i.e., sample S, sample DDT
and sample TAA. It was found that the XRD pattern of sample S matched very well with
kesterite CZTS database (JCPDS no. 26-0575). The XRD pattern shows three major
peaks at 28.5°, 47.6° and 56.3°, corresponding to (112), (220) and (312) lattice planes

respectively. And the minor peaks at 23.1°, 33.0° 59.0° and 69.3° could also be noticed
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and all of them could be attributed to kesterite CZTS. These results indicate the formation
of pure kesterite phase using elemental S as the sulfur source. For sample DDT, a
completely different XRD pattern is obtained. The major XRD peaks at 26.9°, 28.3°,
30.2°, 39.5°, 47.6°, 51.0° and 56.2° were observed. All these peaks match well with
wurtzite CZTS, which indicates that wurtzite CZTS was produced with DDT as the sulfur
source. It is also noticed that 23.3°, 33.8° and 38.1° could be observed, which could be
attributed to Cu;S4 (JCPDS no. 23-0958) binary phase. The XRD results suggest that
sample DDT consists of a majority of wurtzite CZTS phase with a minority of Cu;S4
binary phase. The rietveld refinement of sample DDT could be found in Appendix B. The
XRD pattern of sample TAA shows peak positions at 26.9°, 28.4°, 30.2°, 33.1°, 39.5°
47.6°, 51.0°, 56.2° and 69.3°. These peak positions agree well the combination of
kesterite and wurtzite CZTS diffraction peaks, which implies that sample TAA may
contains a mixture of kesterite and wurtzite phases. In order to figure out the relative
amount of each phase, rietveld refinement was performed (Appendix B). It is found that

50.3 wt% of kesterite and 49.7 wt% of wurtzite were formed.
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Figure 4.3. The XRD patterns of as synthesized samples using elemental S, DDT and TAA as the
sulfur source respectively. The XRD database for kesterite CZTS and wurtzite CZTS are also

presented and indexed for comparison.

Beside structural analysis using XRD, Raman spectroscopy was also performed to
confirm the formation of CZTS phases. The Raman shifts of kesterite CZTS were
reported to be 288 cm'l, 338 cm'l, and 368 cm'l, where the 338 cm’! peak is the strongest
peak. A slight shift in Raman peak position can often be observed which may be due to
differences in preparation methods, composition and so on.”> The wurtzite CZTS were
published to have similar Raman shifts to that of the kesterite structure. Singh et al.
reported a strong Raman peak at 333 cm™ for wurtzite CZTS nanorods.'® As shown in
Figure 4.4, the Raman shifts of sample S exhibits a strong single peak at 336 cm™, which

is indicative of kesterite CZTS. The two shoulder peaks at around 288 and 368 cm™ could
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also be noticed, which also match well to kesterite CZTS. For sample DDT, the major
peak at 334 cm™ agrees well with CZTS. The two shoulder peaks in this case are not very
obvious. Combining the XRD with Raman results, it can be concluded that wurtzite
CZTS phase were formed when DDT is used. A strong peak at 336 cm™ is also observed
for sample TAA. In the case of TAA, both kesterite CZTS and wurtzite CZTS phases can
be observed. For all three precursors, the Raman results confirm the formation of

quaternary CZTS phases rather than binary or ternary phases.

288 338 368

Sample TAA

Sample DDT

Intensity (a.u.)

Sample S

Wavelength (cm™)

Figure 4.4. The Raman shifts of sample S, sample DDT and sample TAA. The peak positions of
288, 338 and 368 cm’! are marked by dotted lines.

Figure 4.5 shows the TEM and HRTEM images of the as-synthesized CZTS
nanoparticles. TEM micrographs of CZTS nanoparticles synthesized using elemental S as

the sulfur source (kesterite) are shown in Figure 4.5a and b. It was found that the
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nanoparticles have irregular shapes and the average size of the nanoparticles was found to
be 9.8 + 6.5 nm. Lattice spacings of 0.31 nm and 0.27 nm were determined which
corresponds to the d-spacings of (112) planes and (020) planes respectively for kesterite
CZTS. In Figure 4.5c, the TEM images of CZTS nanoparticles using DDT (wurtzite) is

shown. The nanoparticles are nearly spherical with an average size of 12.9 + 1.2 nm.

Figure 4.5: The TEM images of (a) sample S, (c) sample DDT, (e) sample TAA, and the high-
solution TEM images of (b) sample S, (d) sample DDT, (f) sample TAA. The lattice spacing is

calculated and labeled in the high resolution images.

From the HRTEM shown in Figure 4.5d, it is possible to again determine two lattice

spacings of 0.33 nm each, which is consistent with the d-spacings of (110) planes and
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(100) planes for wurtzite type CZTS. TEM micrographs of CZTS nanoparticles
synthesized using TAA (mixture of kesterite and wurtzite) can be seen in Figure 4.5¢ and
f show. Interestingly for this sample, line defects can be clearly seen in these
nanoparticles, which suggests a rapid crystal growth process. In the high-resolution TEM
images as shown in Figure 4.5f, the kesterite and wurtzite CZTS nanoparticles can be
observed to be two separate nanoparticles. In another work, Fan et al. also reported the
formation of mixed kesterite and wurtzite CZTS, whereas their kesterite and wurtzite
phases co-exist on the same particle.” It is also worth noting that the kesterite CZTS
nanoparticles (Figure 4.5a) generally have a polydisperse size distribution, which is
probably because the reaction is too fast and it is difficult to separate the nucleation and
growth stages so that both nucleation and growth happened at the same time. On the other
hand, the wurtzite CZTS nanoparticles (Figure 4.5c) show a mono-dispersed size

distribution, which suggests a slow reaction dynamics.
4.3.2 Growth mechanisms for kesterite and wurtzite

In order to control the development of kesterite and wurtzite phases, it is important to
understand the growth mechanisms of the two phases. Time-dependent studies were
performed for sample S and sample DDT. Figure 4.6 shows the XRD patterns for sample
S at 10 min, 30 min, 60 min and 120 min after the injection of sulfur source. The XRD
pattern of the sample after 10 min has three major peaks at 28.5°, 47.6° and 56.3° which
are the characteristic peaks for kesterite CZTS. The XRD results indicate that well
crystalline kesterite CZTS has already formed after 10 min. When the reaction time was

increased to 30 min, 60 min and 120 min, no significant changes of the XRD patterns
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could be noticed and all XRD patterns matched well with kesterite CZTS. It is worth to
note that no intermediate products or impurity phases can be detected throughout the time
investigated. These findings suggest that the formation of kesterite CZTS occurred

rapidly and there is very little control possible.
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Figure 4.6: The XRD patterns of CZTS nanoparticles synthesized using elemental S as the sulfur

source with different reaction timings of 10 min, 30 min, 60 min and 120 min.

Figure 4.7 presents the XRD patterns for sample DDT reacted for 10 min, 30 min, 60 min
and 120 min. (Please refer to Appendix C for the TEM images) The XRD pattern for 10
min matches well with Cu;S4 binary sulfide phase, indicating the selective reaction of
DDT with Cu species. As the reaction time increases to 30 min, in addition to the
dominant Cu;S, phase, the XRD peaks at 26.9°, 30.2°, and 51.0° are observed, which
suggests the formation of wurtzite CZTS phases. At 60 min, the major XRD peaks at
26.9°, 28.3°, 30.2°, 39.5°, 47.6°, 51.0° and 56.2° matched well with wurtzite CZTS. In

addition, the minor peaks at 34.2° and 37.8° corresponding to Cu;S; could also be
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observed. When the reaction time further increases to 120 min, the XRD pattern appears
very similar to that of 60 min with both wurtzite CZTS and Cu;S4 as well. Contrary to the
synthesis of kesterite CZTS nanoparticles when at 10 min, the nanoparticles are already
formed, using DDT, a slow and gradual phase evolution process is observed for wurtzite
CZTS nanoparticles. The binary Cu;S4 phase was formed at the innitial stage of the
reaction. And it was then consumed to give rise to wurtzite CZTS phase with the increase
of reaction time as shown from the XRD results. The formation of intermediate Cu;S4
phase and gradual development into wurtzite phase indicate that using DDT as the sulfur

source will result in slower reaction rate resulting in a better controlled nanoparticles.
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Figure 4.7: The XRD patterns of sample DDT at reaction timing of 10 min, 30 min, 1 hour and 2

hours.

The growth mechanisms of kesterite and wurtzite phases are proposed based on the

reactivity of sulfur precursors. It is clear that based on the results of the time-dependent
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studies, the elemental S and DDT as sulfur source exhibit different reactivity. The highly
reactive elemental S yields a fast formation of kesterite CZTS phase, while DDT results
in a slow and gradual formation of wurtzite CZTS phase starting with the formation of
CusS4. In an earlier work?’ , it was found that sulfur and amine group could react and form
alkylammonium polysulfides at room temperature. At elevated temperature, the
polysulfide ions can easily react with excess amine to release H,S. After the injection, the
temperature of OLA-S mixture was increased very quickly from room temperature to
above 200 °C, resulting in the formation of H,S in the reaction mixture indicated by the
bubbling in the reaction solution. The color of solution mixture turned dark immediately,
indicating the fast formation of kesterite CZTS. The formation of kesterite CZTS can be
considered as the rapid precipitation between H,S with adjacent Cu, Zn and Sn species.
Although the reaction rates of Cu, Zn and Sn species may vary, no noticeable binary or
ternary sulfides compound could be observed from XRD. As the reaction is very rapid, it
is difficult to separate the nucleation and growth processes, which resulted in a wide size

distribution.

The DDT molecule contains a twelve carbon chain with a thiol head group. The thiol is
the S source in this reaction for the formation of CZTS nanoparticles. S is covalent
bonded to one C and one H at each side, making it a rather stable as compared to small
molecule, H,S. After the injection of OLA-DDT mixture, the reaction mixture turned
gradually from yellow to blackin about ten minutes. This is indicative of a slower
reaction rate for DDT compared to elemental S. This is because energy is required to
break the C—S—H covalent bonds to release S. When the reaction rate of sulfur precursor

is limited, it will selectively react with the most reactive species among Cu-, Zn- and Sn-
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precursors. As shown in the XRD patterns in Figure 4.7, the Cu;S4 phase was first formed
in this reaction. Subsequently, Zn species, Sn species and the remaining DDT reacted
with Cu;S4 seed. Due to the Cu;Sy4 seed, the CZTS nanoparticles gradually evolved into
the wurtzite phase. These results are in good agreement with previous the reports on
wurtzite CZTS with DDT as sulfur source.'” With the low reaction rate of DDT, the
growth process is controlled by the bond breaking to release S, therefore a near mono-
dispersed size distribution was obtained. As for the case of TAA, it was reported that
TAA could react with OLA to produce H,S and long chain N-substituted thioamides.
As shown in the following reactions, reaction 1 and 3 produce H,S, while reaction 2
forms N-substituted thioamides. In our case, TAA react with OLA to form a mixture of
H2S and long chain N-substituted thioamides. The highly reactive H,S leads to the
production of kesterite phases while the poorly reactive long chain thioamides yields the
formation of wurtzite phase. Therefore, a mixture of kesterite phase and wurtzite phase

was obtained.

R'NH, P + NH 2)
R-C —NH, E _C 3
I T RS

4.3.3 Effects of crystal structures on optical and electrical properties

Figure 4.8 shows the absorbance data of the CZTS sample S, sample DDT and sample
TAA. The absorbance of sample S and sample TAA increases with the decrease of

wavelength all the way to UV region, and it is in good agreement with most of optical
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properties reported for CZTS so far.'™'® Tt is noticed that the absorbance of sample DDT
shows a different behavior, where the absorbance drop with the decrease of wavelength
until around 680 nm and then rise again in the UV regime. Lu et al. observed similar
absorbance data using DDT as sulfur source. It was reported that Cu,S has a
characteristic broad absorption in the near infra-red region.”’ Therefore, the reason for
the different absorption behavior of sample DDT compared with sample S and TAA
could arise from the presence of Cu;S4. Inset of Figure 5 shows the (ahv)? vs. hv plot.
The band gaps are estimated to be 1.48 eV and 1.55 eV for sample S and sample TAA
respectively. However, due to the interference of Cu;S4 phase, the band gap of sample
DDT could not be estimated accurately using the (cthv)” vs hv plot. The optical band gaps
sample S and sample TAA estimated based on UV-vis-NIR measurements agree well

with previous reported band gap range of 1.4 ~ 1.6 eV for CZTS.*

22 24
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Figure 4.8: The UV-vis-NIR absorbance of sample S, sample DDT and sample TAA. Inset: the

(ohv)* vs. hv plot for the three samples and the dotted tangent lines were drawn to assist

estimating the band gap.
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To investigate the conduction band (CB) and valence band (VB) energy levels of
kesterite and wurtzite CZTS samples, cyclic voltammetry (CV) analysis was performed
on sample S, sample DDT and sample TAA. As far as we know, this is the first time the
energy levels of CZTS are determined using CV method. This is the first time energy
levels of wurtzite CZTS are reported. Ferrocene was used as the reference material for all
CV measurements. Figure 4.9 shows the CV measurement of ferrocene. The oxidation
potential onset of ferrocene as marked by the vertical dotted line is estimated to be 0.3V.
With the ferrocene as the reference material, the CB and VB energy levels of the

inorganic semiconductors can be calculated using the following equation 3,
Ecp/ve = [(Ered/ox - EFerrocene) +4.7] eV

where Efrerocene = 0.3 V.

Current (a.u.)

0.0 0.4 0.8 12 1.6 2.0
Voltage (V)

Figure 4.9. The cyclic voltammograms of the oxidation potential of Ferrocene as the internal
standard in order to calibrate the measurements. From the oxidation scan the onset of the curve

shows the oxidation potential of ferrocene to be 0.3V.
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Figure 4.10. Cyclic voltammetry of CZTS nanoparticles samples prepared with elemental S,
DDT and TAA.

Table 4. 1 A comparison of CB and VB energy levels as well as
the electrochemical band gap of sample S, sample DDT and sample TAA.

N Ew(V) En(V) Ea@V) Ew(V) perdocherme
sample S -0.55 0.97 -3.85 -5.37 1.52
sample DDT -0.49 1.20 -3.91 -5.60 1.69
sample TAA -0.41 1.15 -3.99 -5.55 1.56

In an earlier work, Huang et al. determined the CZTS kesterite valence band energy of
5.19 eV and conduction band energy of 3.79 eV using Mott-Schottky plot.*> With

Ultraviolet photoelectron spectroscopy (UPS), Haight et al. estimated the two values to
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be 5.4 eV and 3.95 eV.** As shown in Table 4.1, the valance band and conduction band
energy levels are -5.37 and -3.85 eV (sample S), -5.60 and -3.91 eV (sample DDT), -5.55
and -3.99 eV (sample TAA). The VB and CB energy levels of CZTS kesterite (sample S)
are in good agreement well with previously reported values. The difference observed for
VB/CB compared to the reported data might arise from the difference in size,
composition and characterization method. The VB/CB energy levels of CZTS wurtzite
(sample DDT) is very similar to that for kesterite CZTS. Both the VB energy and the CB
energy shifted slightly to a lower value. The kesterite-wurtzite mixture also has similar
VB/CB energy levels compared with individual kesterite and wurtzite samples. The
electrical band gap are determined to be 1.52 eV, 1.69 eV and 1.56 eV for sample S,
sample DDT and sample TAA respectively. All the three values matched well with the
reported band gap range of 1.4 ~ 1.6 eV for CZTS. In the mean time, they vary slightly
with the optical band gap determined by UV-vis-NIR absorption measurements. The
slight discrepancies between electrical band gap and optical band gap could possibly arise
from the interfacial energy barrier between CZTS samples with the electrode. Therefore,

higher band gap values for CV measurements than optical measurements are expected.

4.4 Conclusions

In conclusion, we have successfully synthesized kesterite, wurtzite and mixed kesterite-
wurtzite CZTS nanoparticles using elemental S, DDT and TAA as the sulfur source
respectively. The XRD spectra matched well with the database. The Raman peaks of
sample S and sample TAA are in good agreements with reported value of CZTS. Both

elemental S and TAA produce irregular shaped nanoparticles with wide size distribution.
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On the other hand, DDT yields nearly spherical mono-dispersed nanoparticles. The d-
spacings of each sample are also consistent with the reported values. To understand to
growth mechanisms of kesterite and wurtzite phases, the time-dependant studies were
performed for sample S and sample DDT. The elemental S could react with oleylamine to
produce highly reactive small molecule H,S, which then reacts with Cu, Zn and Sn
species to form kesterite CZTS nanoparticles. As for the case of DDT, the covalent
bonded S is very stable and hence difficult to be broken down to release the S atom for
the reaction, resulting in a slow reaction rate when DDT is used as the sulfur source.
Therefore, the supply of S is limited and the DDT selectively reacts with relative more
reactive Cu species to form Cu;S, seed. Subsequent reaction grows from Cu;S4 seed to
form wurtzite phase. TAA react with OLA to produce highly reactive H,S and less
reactive long chain N-substituted thioamides, therefore results in formation of mixed

kesterite and wurtzite phases.

The optical band gap was estimated to be 1.48 eV and 1.55 eV for sample S and sample
TAA respectively based on UV-vis-NIR measurements. The band gap of sample DDT
was not able to be estimated accurately due to the interference of Cu;S, phase that co-
existed with wurtzite CZTS as an impurity phase. The valance band and conduction band
energy levels are determined using CV measurements to be -5.37 and -3.85 eV (sample
S), -5.60 and -3.91 eV (sample DDT), -5.55 and -3.99 eV (sample TAA). The

electrochemical band gaps were found to be 1.52 eV, 1.69 eV and 1.56 eV respectively.
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Chapter 5: Synthesis of CZTS thin film

using binary sulfide nanoparticles

5.1 Introduction

In Chapter 3 and 4, the synthesis and studies of Cu,ZnSnS, (CZTS) nanoparticles using
hot injection method were presented. This method could also good size, shape,
composition and phase control by varying synthesis parameters such as temperature, time,
solvents and surfactants, Cu-, Zn-, Sn- and S-precursors. However, hot injection method
has its limitations in practical applications. Firstly, the use of organic solvents, e.g.
oleylamine, is costive and not quite environmentally friendly. Secondly, the synthesis of
CZTS nanoparticles requires harsh experimental conditions including high reaction
temperature (generally above 200 °C) and inert gas protection. Last but not least, the hot
injection method is not suitable for large scale production. Regarding to the above
challenges, in this chapter, we develop a low-cost, environmentally friendly and easily
up-scalable method to form CZTS thin film making use of aqueous solution synthesized

CuS, ZnS and SnS; nanoparticles.

Quaternary chalcogenide CZTS compound is a suitable absorber material for TFESCs
mainly due to the following material properties: (i) direct band gap around 1.5 eV, (ii)
good absorption coefficient of more than 10* cm™, and (iii) earth-abundant constituents."
> To date, many different routes have been developed to deposit CZTS thin film.?
Vacuum-based deposition techniques have been very successful in demonstrating high

efficiencies in CIGS solar cells, and therefore have been widely adopted in the deposition
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of CZTS thin films.* > Katagiri and co-workers pioneered the early studies of CZTS solar
cells.” ® 7 With radio frequency (RF) co-sputtered of elemental and binary sulfides
precursors, they obtained a solar cell efficiency of 6.77%." In another popular approach,
Cu-, Zn- and Sn-metal layers are deposited by sputtering, and then the films are annealed
at high-temperature in H»S environment to form CZTS.’ The ratio of Cu : Zn : Sn could
be tuned by changing the thickness of each metal layer. Using this method, Kobayashi et
al. achieved a device efficiency of 5.45%.'° More recently, Shin et al. made use of co-
evaporation of elemental Cu, Zn, Sn and S followed by annealing the film resulting in a
device with a high efficiency of 8.4% (device area of 0.45 cm?).!' Despite the excellent
progress, vacuum-based techniques still require high energy input and impose a
significant cost on devices. Hence, there is a move towards finding an alternative low-

cost fabrication method to the vacuum deposition techniques.

Recently, CZTS has been fabricated using low-cost solution-based methods. Scragg et al.
fabricated CZTS TFSCs using electrodeposited stacked metal layers and achieved an
device performance of 3.2%.' Kumar et al. synthesized CZTS thin film by spray
pyrolysis technique, where the precursor solution contained Cu-, Zn-, Sn-salts and
thiourea."* The CZTS nanoparticles approach and hybrid solution-particles approach have
attracted more interest than other methods due to its possibility in generating solar cells
with high power conversion efficiency - 7.2% for the former and beyond 11% for the
latter.'* ' In CZTS nanoparticles approach, the CZTS nanocrystals were synthesized
usually via hot coordinating solvent method and the nanocrystal dispersion could then be
deposited on the substrate and annealed to form the absorber layer.'®'® The hybrid

solution-particles approach made use of slurry containing Cu-, Sn-chalcogenide solution
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precursors and Zn-chalcogenide nanoparticles dispersion in hydrazine (N,H,), which was

then spin-coated and annealed to form CZTS layer."

To date, it has been shown that solution processed CZTS solar cells have reasonably high
conversion efficiency and hence cost wise there is a potential for this technology to
compete with mature CdTe, CIGS technologies. The chemicals involved as well as the
byproduct in the synthesis process have low toxicity which is an added advantage. Since
CZTS can be processed in solution, the fabrication process can be easily scaled up for
mass production. Of the various solution deposition methods, the electrodeposition
method suffers from low conversion efficiency. For the spray pyrolysis method, the NH3
and HCI byproducts is less friendly to the environment especially in large quantity.zo’ 2
Although the CZTS nanoparticles approach and hybrid solution-particles approach were
able to demonstrate high efficiency, both methods have issues that limit large scale
practical applications: (i) the use of expensive and toxic organic solvents (oleylamine,
hexadecylamine for the former, and hydrazine for the latter) that may increase the
fabrication cost and also lead to environmental issues; (ii) highly demanding processing
conditions such as high reaction temperature and inert environment make the processes

difficult to scale up. Therefore, a novel synthesis method that is cost-effective,

environmentally benign and easily upscalable is highly required.

Here, we report one such method to prepare CZTS thin film. Since Cu,ZnSnS, is a
quaternary compound, instead of ionic precursors, the starting precurors to the film can
also be a combination of Cu,S, ZnS and SnS, binary sulfides in 1:1:1 ratio, and the

transformation to quaternary films from these binary precursors will not change the
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valence state of any element. Inspired by this idea, CZTS thin film is synthesized using
the respective Cu-, Zn- and Sn- binary sulfides nanoparticles. These binary sulfides
nanoparticles can be easily synthesized in an aqueous environment. This method allows
the use of most common Cu-, Zn- and Sn-precursors including chlorides, sulfates, nitrates
and acetates, while the sulfur source is from hydrated sodium sulfide (Na,S.9H,0). The
deposition techniques could be spray coating, printing, spin-coating, and many other
solution deposition techniques. This route could allow easy tuning of the composition of
the films and the possibility preparing stable inks for printing, and hence pave the way for

large scale and environmentally friendly way to fabricate TFSCs.

5.2 Experimental Procedures

Chemicals

Copper (II) acetate (Cu(OAc),, Aldrich, 98%), zinc acetate (Zn(OAc),, Aldrich, 99.99%),
tin (IV) chloride pentahydrate (SnCls.5H,O, Sigma-Aldrich, 98%), sodium sulfide
nonahydrate (Na,S.9H,0, Aldrich, 98%), (n-hexadycyl) trimethyl ammonium bromide
(CTAB, Lancaster, 98%) and ethanol (Aik Moh Paints & Chemicals, 95%) were
purchased and used as received. Milli-Q water (Millipore, 18.5 MQcm at 25 °C) was used

in all synthesis and centrifugation processes.

Experiment

The preparation of CZTS film consists of four consecutive steps as shown in Figure 5.1:
(1) synthesis of CuS, ZnS and SnS, nanoparticles, (ii) mix the sulfides nanoparticles in
desired molar ratio in proper solvent (water, ethanol, etc) to form the precursor solution,

(iii) deposit precursor solution onto substrates to form precursor films and (iv) anneal
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precursor films to form CZTS films. The CuS, ZnS and SnS, nanoparticles were
synthesized using precipitate reactions between S*~ anions and Cu®*, Zn**, Sn** cations in
aqueous solution. Cetyl trimethylammonium bromide (CTAB) was used as the capping
ligand for all three types of nanoparticles. Table 5.1 shows the experimental details for
the synthesis of CuS, ZnS and SnS; nanoparticles. During the experiment, freshly
prepared sulfur precursor solution was added into respective cations precursor solution
drop by drop under constant stirring at room temperature (25 °C). The solution was
allowed to react a period of time as mentioned in Table 5.1. After the synthesis, CuS, ZnS
and SnS, binary nanoparticles were rinsed three times using water and ethanol to remove

excess ligands and any unreacted precursors.

Table 5.1 Synthesis details for CuS, ZnS and SnS, nanoparticles

SBuill;?(;Zs Cation Precursors Sulfur Precursor R?I?i;tliém
CuS 12 Iil(r)l(l)orlnlc FI(Z%AC)Z’ 2.4 mmol oh
S | RO | 0ammel CraB, | M
SnS, 1.2 mil(l)%l Ifﬁ)%l;(.)b’HzO, 15 ml H,O 30 min

The experimental scheme is shown in Figure 5.1. In a typical experiment, 95.6 mg CuS
(1 mmol), 48.7 mg ZnS (0.5 mmol) and 91.4 mg SnS, (0.5 mmol) were weighed and
added into 300 ml solvent. The solvent can be either ethanol or DI water. The solution
mixture was then ultrasonicated for 30 min followed by another 30 min stirring in order
to form well-dispersed precursor solution. Subsequently, the precursor solution was spray

deposited onto a glass or Mo-coated glass substrates. During the spraying process, the
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substrates surface temperature was maintained at 100 °C for ethanol solvent and 300 °C
for DI water solvent. The precursor film can then be annealed under inert gas to form
CZTS thin film. In this work, the annealing temperatures at 200 °C, 300 °C, 400 °C and
450 °C were studied, and the annealing time was kept at 30 min for all temperatures. The
precursor film could also go through a “selenization” process, or annealing under
selenium vapor, to form Cu,ZnSn(S, Se)s (CZTSSe) film. The selenization process was

performed at 520 °C for 12 min with 30mg of Se pellet.

Av oag

4

CZ1S thin film
e —————

e ZnS NP ¢ SnS; NP “~_~ CTAB

Figure 5.1. The scheme of the preparations of CZTS thin film using CuS, ZnS and SnS,

nanoparticles.

Characterizations

The Grazing Incidence X-ray diffraction (GIXRD) patterns were collected using Bruker
D8 Advance equipped with Cu Ka radiation (. = 1.54 A). The diffraction was taken at a
fixed incident angle of 1°, and collected from 10° to 80° in steps of 0.05°. Rietveld
refinement was performed using TOPAS V3 software with fundamental parameter peak

profile for CZTS sample. A five-coefficient Chebychev polynomial and 1/x background,
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a zero error, scale factor, lattice parameters and crystal size were successively refined.
SEM images were acquired on a JEOL JSM 7600F FESEM at an accelerating voltage of
5 kV. The FESEM is equipped with an Oxford X-MAX energy dispersive X-ray
spectroscopy (EDS) detector, which was used to estimate the atomic ratio of CZTS thin
film. The film was deposited on Si substrate to reduce the sample charging during
imaging and EDX measurement. The TEM analysis was performed using JEOL JSM —
2100F equipped with EDAX EDS detector. The voltage used for imaging and elemental
mapping was 200 kV. The UV-Vis-NIR absorption spectra were measured using a

Shimadzu UV-Vis-NIR PerkinElmerLambda 900 spectrophotometer.

5.3 Results and Discussion

This section will present the synthesis and characterization of the CZTS thin films
prepared using binary sulfides nanoparticles. The phase evolution processes from binary
sulfides to quaternary CZTS films will also be discussed. Near stoichiometric and Zn-rich
compositions films are demonstrated to show the feasibility of composition control with
our approach. In addition, the annealed CZTS film and selenized CZTSSe film will be
compared and evaluated for their use in solar cells. Lastly, the device performance of

CZTS TFSCs is also presented and discussed.

5.3.1. Binary sulfide nanoparticles

The synthesized CuS, ZnS and SnS; nanoparticles were washed thoroughly using water
and ethanol for three times to remove unreacted precursors, by products and excess
ligand. The as-prepared CuS, ZnS and SnS, nanoparticles can be re-dispersed in both

water and ethanol. In the section 5.3.1 and 5.3.2, ethanol solvent was used to prepare
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CZTS film mainly because ethanol has a lower boiling temperature than water. This

allows low substrate temperature (~ 100 °C) during spray deposition. The low substrate

temperature could help to minimize the oxidation issue during spray.
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Figure 5.2. The XRD patterns of as-synthesized CuS, ZnS and SnS, nanoparticles. The
diffraction peaks for CuS (JCPDS no. 6-0464) and ZnS (JCPDS no. 5-0566) from the database

are also shown as comparison. The XRD samples were prepared by spraying the respective

nanoparticles suspension in ethanol onto glass substrates.

Figure 5.2 presents the XRD patterns of as-synthesized CuS, ZnS and SnS, nanoparticles.

It is found that the XRD patterns of CuS and ZnS match well with CuS (JCPDS no. 6-

0464) and ZnS (JCPDS no. 5-0566), which are also shown in the same figure. For SnS,

nanoparticles, instead of distinct peaks, three major humps at 20 around 18°, 30° and 50°

were observed. The synthesis of SnS, nanoparticles was carried out using Sn** and S*

and this has been reported previously and showed low crystallinity.** The lack of distinct
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peaks in the XRD pattern may be assigned to the high amorphous content in this sample.
The EDS analysis showed that the Sn to S ratio is 1:1.80, which is close to stoichiometry

of 1:2 for SnS,.The EDS data for SnS, sample can be found in Appendix A.

S0
iy

Figure 5.3. The TEM images of as-synthesized (a) CuS, (b) ZnS and (c) SnS, nanoparticles.

Figure 5.3a-c shows the TEM images of the as-prepared CuS, ZnS and SnS,
nanoparticles respectively. The size of all three types of nanoparticles is found to be in
the order of tens of nanometers. These small particles have much larger surface energy
compared to micron sized particles, hence there is a stronger driving force for
coalescence to happen as this will reduce the surface energy. On top of this, as compared
to micron sized particles or even larger particles, during annealing, the atoms in the
particles only need to diffuse to a short distance to their nearest neighbours for
coalescence to occur because they are packed closer. Therefore, on top of higher driving
force for coalescence to occur due to high surface energy, the nanometer dimension
would also mean shorter diffusion distances for Cu, Zn, Sn and S atoms during the
formation of CZTS film as compared to larger particles. It is also noticed that all the three

types of nanoparticles could be dispersed quite well with no obvious aggregation up to
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three hours. Any localized agglomeration of the same species may lead to the non-

uniformity in the composition in the final CZTS thin film.

5.3.2. Kesterite CZTS thin film using binary nanoparticles

The precursor film, which was made up of a mixture of CuS, ZnS and SnS; nanoparticles
in a molar ratio of 2 :1 :1, was annealed at different temperatures - 200, 300, 400 and 450
°C for 30 min under Ar gas environment. As shown in Figure 5.4, the XRD spectrum of
the as-deposited precursor film consists of overlapping XRD patterns of as-synthesized
CuS, ZnS and SnS; nanoparticles. After annealing at 200 °C for 30 min, it could be
noticed that the 20 peaks at 29.3° 31.8°, 32.9 °, 47.9°, 52.7° and 58.7° became sharper
compared to the as deposited precursor film, showing increased crystallinity of CuS
nanoparticles. New sharp peaks at 28.5°, 47.3° and 56.2° can be observed for samples
annealed at 300, 400 and 450 °C, which correspond to (112), (220) and (312) planes of
kesterite CZTS (JCPDS no. 26-0575). These are the major peaks for kesterite CZTS. In
addition, all the minor peaks also matched well with kesterite CZTS and no unidentified
peaks was observed. This indicates the formation of kesterite CZTS phase at these
temperatures. Comparing the XRD spectra taken at various temperatures, the full width at
half maximum (FWHM) for (112) peak is found to decrease as the annealing temperature
increases from 300 to 450 °C, which indicates that the CZTS grain size in the annealed

film increased with temperature.
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Figure 5.4. The XRD spectra for the as-prepared precursor film and the films that were annealed
at 200, 300, 400 and 450 °C. The reference diffraction peaks for kesterite CZTS (JCPDS no. 26-
0575) is also displayed at bottom.

The XRD results for precursors annealed at 300, 400 and 450 °C provide the evidence for
formation of kesterite CZTS phase at these temperatures. Unfortunately, some binary and
ternary phases such as Cu,S (JCPDS 4-15-2234), ZnS (JCPDS 5-0566) and Cu,;SnS;
(JCPDS 1-089-4714) share similar crystal structure as well as XRD patterns with CZTS.
This makes it difficult to conclusively deduce if the film contains impurity phases at these
temperatures using only the XRD data. Raman spectroscopy is a well established
technique to identify impurity phases in CZTS film.” The Raman peaks for CZTS (288,
338 and 368 cm'l), Cu,S (475 cm'l), ZnS (278 and 351 cm'l) and Cu,SnS; (298 and 356

24-27

cm'l) are distinct. Hence, in order to check whether the CZTS film contains

secondary phases, Raman analysis was performed. As shown in Figure 5.5, the samples
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annealed at all three temperatures exhibit strong peak at around 336 cm™ with two weak
shoulder peaks at 288 and 368 cm™'. The above three peaks are indicative of the presence
of CZTS phase in the films annealed at 300, 400 and 450 °C. In addition, no noticeable
peaks corresponding to Cu,S (475 cm'l), as well as ZnS (278 and 351 cm'l) and Cu,SnS;
(298 and 356 cm'l) can be observed, which exclude the existence of all the three possible
impurity phases. Therefore, from Raman analysis together with the XRD data, it can be

concluded that pure CZTS films were formed at 300, 400 and 450 °C.

288 336 368
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Figure 5.5. The Raman analysis of the films annealed at 300, 400 and 450 °C. The peak position

of 288, 336 and 368 cm™! are marked with vertical dotted lines.

The top view of SEM image for CZTS thin film prepared at 400 °C is shown in Figure
5.6a. The film is dense and the avenrage grain size is observed to be about 100 nm. The
cross-section view of SEM image in Figure 5.6b shows that the thickness of CZTS thin
film is around 1 um. There are some small voids within the film that could also be

observed. The HRTEM image of the CZTS grain is shown in Figure 5.6¢c and the
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interplanar spacings were determined to be 0.31 nm and 0.27 nm. These two spacings
correspond to the d-spacing for (112) planes and (020) planes respectively for kesterite
CZTS." Figure 5.6d shows the select area electron diffraction (SAED) pattern and two
primary diffraction spots were marked indicating the diffraction corresponding to the

reciprocal lattices of CZTS. The SAED was performed with zone axis along [201].

Figure 5.6. Electron micrographs of sample annealed at 400 °C. (a) Top view SEM image of
CZTS thin film and (b) cross-sectional view of SEM image. (¢c) HRTEM image and (d) SAED

pattern.

100 nm

Figure 5.7. STEM-EDS elemental mapping of the particles obtained from as prepared CZTS film.

The distributions of Cu, Zn, Sn and S are presented.
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In order to investigate the distribution of Cu, Zn, Sn and S elements of the as-prepared
CZTS thin film samples, the elemental maps of the annealed particles were collected
using the STEM-EDS. The TEM sample was prepared by re-dispersing CZTS
nanocrystals film into ethanol and drop-casting the solution onto holey carbon-coated Ni-
grid. As shown in Figure 5.7, it was found that all the four elements (Cu, Zn, Sn and S)
were distributed relatively uniformly in the nanocrystals investigated. This could also
serve as another evidence for the formation of CZTS phase instead of ZnS and Cu,SnS;

phases and this is in agreement with the Raman results presented previously.

The composition of precursor films and CZTS thin films was investigated using EDS.
The atomic ratio of Cu: Zn: Sn: S was determined to be 1.9: 0.9: 0.9: 4.2 for precursor
film. This is in agreement with the amount of initially added CuS, ZnS and SnS,. After
annealing in 400 °C for 30 min, the Cu: Zn: Sn: S ratio changed to 1.9: 1.0: 0.9: 4.1,
which is close to the stoichiometric ratio of 2: 1: 1: 4 with slight S-rich. The EDS data for
CZTS thin film can be found in the Appendix A. The possible reason for the film to be S-
rich is that the binary sulfide precursors contain excess S due to the oxidation states of Cu
binary compound. In CZTS compound, Cu exists as Cu’, and thus one Cu" corresponds
to half S* to account for charge neutrality. By contrast, one Cu®* corresponds to one S*
in CuS compound. During the formation of CZTS, Cu®* will be reduced to Cu*, resulting
excess S. The proposed chemical reaction is shown in Equation 1. Sulfur vapor is formed
as a by-product in the reaction. Generally, CZTS films suffer from Sn and S loss during

annealing.” Looking at EDX results of the annealed CZTS films, it was found that the Sn
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ratio was maintained with slight S loss. This is mainly due to the relatively low annealing

temperature of 400 °C.

The composition of CZTS films can be tuned by modifying the ratio of binary sulfides
precursors. In addition to the stoichiometric composition, Zn-rich CZTS films with
([Zn]/[Sn]) ~1.25 and [Cu]/([Zn]+[Sn]) ~ 0.9) were prepared. The reason for choosing the
above ratios is that most of the highly efficient devices reported were achieved with this
narrow composition ralnge.29 The optical properties of stoichiometric CZTS and Zn-rich
CZTS were evaluated using UV-vis-NIR spectrophotometer with integrating sphere. The
transmittance (T;) and reflectance (R;) measurements for each film were performed. The

absorption coefficient (o) could be calculated by the following formula:

a=Y 1n[(1—}g)2 /TJ

where ¢ is the film thickness.

The (0th)2 versus hv curves for stoichiometric CZTS and Zn-rich CZTS are shown in
Figure 5.8, where h is the Planck constant and the frequency of light v = c¢/A (where ¢ is
velocity of light. A is wavelength of light). The linear region was extrapolated for each
curve with a dotted line and the intercepts on hv axis is the optical band gaps for each
material. The band gap energies were found to be 1.43 eV (stoichiometric CZTS) and
1.52 eV (Zn-rich CZTS), and they are in good agreements with reported values." % This
fabrication route is highly flexible in controlling the composition of CZTS film and it
would be possible to prepare films with other compositions by simply modifying the

molar ratio of CuS, ZnS and SnS; nanoparticles precursors. Moreover, the same synthetic
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approach could also be adopted to Cu,ZnSnSes; (CZTSe) or even Cu,ZnSn(S,Se),

(CZTSSe) thin films by using respective binary metal sulfides/selenides compounds.
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Figure 5.8. The ((;th)2 versus hv_ plots for stoichiometric CZTS and Zn-rich CZTS. The

interception of the dotted lines with hy axis determines the band gap.

5.3.3. Solar cells performance

Using ethanol as the solvent, pure CZTS nanoparticles film was successfully prepared.
Although the low substrate temperature could prevent the oxidation of the as deposited
nanoparticles, one major problem with low temperature is the limited grain growth in
CZTS film. As a result, the as prepared CZTS thin films are not very compact. These
voids present in the films are extremely detrimental for electron and hole transport and
hence should be minimized. One way to solve this problem is to increase the substrate
temperature. At higher temperatures, such as 300 °C, the nanoparticles precursor can
actually fuse and grow more, which is likely to densify the film. Unfortunately, it is very

difficult to spray deposit the nanoparticles with ethanol solvent at such high temperature
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because it is highly flammable. Therefore, water, which is less flammable, was used as
the solvent for high temperature deposition. The substrate temperature was set to be 300
°C for spraying of the solution with DI water as the solvent. In order to prevent the
oxidation of binary sulfides nanoparticles, thiourea (TU) which served as sulfur precursor
was added and mixed homogeneously into the CuS, ZnS and SnS, nanoparticles mixture

solution. The molar ratio of [TU]/([CuS] + [ZnS] + [SnS,]) was fixed at two.
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Figure 5.9. The XRD pattern of CZTS film prepared by annealing the precursor film and
CZTSSe film prepared by selenized the precursor film: (a) full scale and (b) magnified version.

The nanoparticles precursor films were spray deposited with water as solvent and
substrate temperature of 300 °C. The precursor films were then thermally annealed in Ar
gas environment or in selenium vapour (selenization). The thermal annealing was carried
out at 500 °C for 30 min in Ar environment, whereas the selenization was performed at
520 °C for 12 min in selenium vapour. Figure 5.9 presents the XRD patterns of the

annealed film and the selenized film. The XRD of the annealed film matches well with
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that for kesterite CZTS phase with characteristic 26 angle of 28.5°, 47.3° and 56.2°. The
selenized film possessed similar XRD patterns to that of the annealed film. This indicates
that the new CZTSSe phase retains the kesterite crystal structure. Meanwhile, it is also
noticed that the XRD peaks of the selenized film shifted to lower 20 value as compared
with the annealed film. In the magnified image shown in Figure 5.9b, it was found that
the major peak at 28.5° for CZTS shifted around 1° to 27.5° for the CZTSSe. The Se atom
has larger atomic radius than S atoms. During selenization process, the S atoms are
replaced by Se atoms. Due to the larger size of Se atoms than S atoms, the lattice
spacings of CZTSSe lattice increase as compared with CZTS. As 20 is inversely
proportional to the lattice spacing, the diffraction peak of the selenized film shifts to

lower 20 angle as expected.

Figure 5.10. The SEM images of the annealed film (a) topography and (b) cross-section, and

selenized film (c) topography and (d) cross-section.
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Figure 5.10 shows the SEM images of the annealed film and the selenized film. As
shown in Figure 5.10a and b, a compact nanocrystalline CZTS film with thickness around
1 um is formed after annealing. The average grain size is estimated to be around 100 nm.
The selenized film shows a significant increase in grain size (Figure 5.10c and d). The
grain size ranges from a few hundred nanometres up to more than one micrometre. In
CZTS based TFSCs, large grain size is usually favoured due to better charge transport

.o 31,32
propertles.3 3

The solar cells were fabricated using the selenized film, or CZTSSe thin film, as the
absorber due to the large grain size. The Cu-poor, Zn-rich film composition was used
with Cu/(Zn + Sn) = 0.72 and Zn/Sn = 1.2. The Se/(S+Se) ratio determined by EDX was
found to be approximately 0.8. The photovoltaic devices were fabricated using the
following standard procedures — CZTSSe thin films were deposited and selenized on
molydenum on glass and following that 50 nm CdS was deposited using chemical bath
deposition. 50 nm i-ZnO is then deposited using DC sputtering followed by 400 nm ITO
deposited using RF sputtering. Lastly, a patterned Au grid is thermally evaporated as the

top electrode.

Figure 5.11a shows the cross-sectional SEM image of as-prepared CZTSSe solar cell
with the configuration - Mo/CZTSSe/CdS/ZnO/ITO/Au. The CZTSSe solar cells were
divided into smaller cells each with a defined area of 0.11 cm”. The current density —
voltage (J-V) characteristics for a typical as-prepared CZTSSe solar cell measured in the
dark and under AMI1.5G illuminations are shown in Figure 5.11b. The device

demonstrates a total power conversion efficiency (PCE) of 5.12% with open-circuit
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voltage (Vo) of 378 mV, short-circuit current density (Js.) of 26.2 mA/cmZ, fill factor (FF)
of 51.7%. The series resistance (R;) and shunt resistance (Rg,) are determined to be 3.6

Q-cm?” and 404 Q.cm® respectively.

Figure 5.11. (a) The cross-sectional SEM image of CZTSSe TFSC and (b) the J-V curve of the
as-prepared CZTSSe solar cells in dark and under AM1.5G illumination

Figure 5.12a shows the external quantum efficiency (EQE) of the CZTSSe based solar
cell as a function of photon wavelength. The EQE is fairly high (more than 60%) between
500 to 900 nm. The band gap of the absorber layer is determined to be 1.22 eV by fitting
a plot of [hv ln(l-EQE)]2 vs. hv near the band edge (Figure. 5.12b). The calculation of
band gap based on EQE results instead of optical absorption or other method is because
the EQE method allows the measurement and calculation in a full solar cell. Our band
gap matches well with the reported range of 1.0 eV to 1.5 eV for CZTSSe using EQE
measurements.” It is also in good agreement with the band gap of CZTSSe based on
optical absorption measurement.>* The band gap estimated based on EQE is reasonable

considering the majority of S atoms are replaced with Se during the selenization process.

107



Chapter 5 Binary Sulfides Nanoparticles Approach

w1 (a) (b)

60 '_,i' \
40 \

20

\_

T T T T T R

200 400 600 800 1000 1200 1400 10 L1 12 13 14 15 16
Wavelength (nm) hv (eV)

EQE (%)

[EIn(1-EQE)]’

-

Figure 5.12. (a) The EQE of the CZTSSe solar cell, and (b) the corresponding (Eln(1-EQE))* vs.
hv plot where the band gap is determined to be 1.18 eV.

Our solar cell performances are comparable with the above best performing nanoparticles
based CZTSSe solar cells. Woo et al. reported CZTS solar cells with ball milled Cu,S, Zn,
Sn and S powders.35 They managed to achieve an efficiency of 5.14%, V. of 516.9 mV,
J. of 18.9 mA/cmz, FF of 52.8%. Using CZTS nanoparticles, Guo et al. prepared
CZTSSe solar cells with efficiency of 7.2% (Vo = 430 mV, J. = 31.2 mA/cmz, FF =
53.9%)."* The lower V.. value compared with that of Woo et al. are most probably due to
the band gap of the absorber film. Woo et al. made use of pure sulfide system and had a
band gap of 1.51 eV compared with our value of 1.22 eV. The slight discrepancy of V.
between our value and that of Guo et al. could possibly arise from the fabrication
processes. In terms of J,. value, our value is between those of Woo et al. and Guo et al.
This could also be reflected from the EQE results. Woo et al. reported a narrower EQE
region with EQE value drop to zero at around 900 nm wavelength. By contrast, both our
and Guo et al.’s EQE region extend to beyond to 1200 nm with more squarish shape. The

reason is that with Se incorporation, the band gap is reduced which enhances the light
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absorption at near infrared wavelength. Our EQE value show a maximum of around
74.3%, while the maximum value for Guo et al. is around 90%. This indicates that
CZTSSe films may have more defects which lead to recombination of charge carriers and
thus a lower J. value. Our FF value is quite comparable to those of Woo et al. and Guo et

al.

Despite the above progress, our solar cell performance is still considered low as
compared with the hydrazine method.'® For instance, Todorov et al. obtained 11.1%
efficient device with V. of 460 mV, J,. of 34.5 mV and FF of 69.8%." By comparison,
our V., Js. and FF are all significant lower than above values. The ideality factor (n) of
our device is about 3.1, in contrast with 1.5 for the above 11.1% efficient cell. In an ideal
diode, the ideality factor should be 1 and in that case, assuming no recombination occurs.
A higher ideality factor implies that the charge carriers recombination is one of the
limiting factors for our devices.*® In order to reduce recombination, future work may
focus on increasing grain size of CZTSSe, improving the contact between Mo and

CZTSSe, between CZTSSe and CdS.

5.4 Conclusions

In conclusion, we have developed a low-cost, environmentally friendly and easily
upscalable method to prepare CZTS thin film making use of aqueous solution synthesized
CuS, ZnS and SnS; nanoparticles. The post-annealing plays an important role in the
phase evolution from binary phases into quaternary CZTS phase. It was found that pure
CZTS phase formed at 300°C, 400°C and 450°C based on XRD and Raman results. Due

to the high reactivity of nanoparticles precursor, it is possible to form CZTS phase at far
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more lower temperature than conventional reported value of above 500°C. The CZTS
film exhibits a thickness of around 1 um with average grain size of 100 nm. It is also
worth highlighting that the as-prepared CZTS films were S rich due to the excess sulfur
content associated with the binary sulfides phases. Furthermore, the composition of
stoichiometric CZTS and Zn-rich CZTS were demonstrated and their band gaps were

determined by UV-vis-NIR measurement to be 1.43 eV and 1.52 eV respectively.

CZTSSe TFSCs were fabricated with the binary sulfides nanoparticles approach. The
selenization process was performed on the nanoparticles precursor film. The selenized
film exhibits a significant large grain size as compared to the annealed film. The as-
fabricated device exhibited a total area efficiency of 5.12% with V. of 378 mV, J. of
26.2 mA/cm” and FF of 51.7%. These results are comparable with some of the best
performing nanoparticles based CZTSSe solar cells. Combined with the low-cost,
environmentally friendly and upscalable fabrication steps, our synthesis method is highly
promising for potential industry scale application. At the moment, this work is still at
early stage due to the constraint of time and manpower. A lot more work needs to be
done before its real application. Future work may focus on increasing grain size of
CZTSSe, improving the contact between Mo and CZTSSe, between CZTSSe and CdS to

improve the device performance.
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Chapter 6: Conclusions and Future Works

6.1 Overall Summary

Quaternary CuyZnSnS; (CZTS) is a promising absorber material for TFSCs.
Conventionally, CZTS thin films were prepared using vacuum deposition techniques.
Recently, much progress has been made in the development of low-cost solution
deposition methods. Among them, the CZTS nanocrystals ink approach offers the
possibility of high performance devices with low fabrication cost. As a result, many
research efforts have been dedicated to the synthesis, characterizations and applications

of CZTS nanoparticles.

Synthesis parameters such as the reaction temperature, reaction time, solvent and ligand
have huge effect on the formation of CZTS nanoparticles. It was found that at
temperature below 200 °C, the binary Cu,4S and ternary Cu,SnS3 phases formed together
with quaternary kesterite CZTS phase. At reaction temperature of 220 °C and above, pure
kesterite CZTS phase is favored. The reaction time has great influence on the growth of
CZTS nanoparticles. From O min to 30 min, the average size of the nanoparticles
gradually increased and the size distribution became narrower. With longer reaction time,
the nanoparticles show the phenomenon of Ostwald ripening with the growth of large
particles with the consumption of small particles. The size and shape of nanoparticles
could be controlled through solvent-ligand optimization. With DCB as the solvent and
OLA as the ligand, near-spherical shape (0.5 ml OLA), faceted (I ml OLA), and

nanoplates (2 ml OLA) CZTS nanostructures were synthesized.
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CZTS kesterite, wurtzite as well as mixed kesterite-wurtzite phases were successfully
synthesized by using elemental S, DDT and TAA respectively. It was found that the
reaction rate was the key factors that determined the formation of each phase. Elemental
S could react with oleylamine to produce highly reactive small molecule H,S, which then
go on to react with Cu, Zn and Sn species to form kesterite CZTS nanoparticles. As for
DDT, the covalently bonded S is very stable and it is necessary to break this bond to
release the S atom, resulting in a slower reaction rate. DDT selectively reacts with the
relatively more reactive “Cu” species to form Cu;S4 seed, which then gradually evolved
into wurtzite CZTS. TAA react with OLA to produce the highly reactive H,S and less
reactive long chain N-substituted thioamides, therefore results in the formation of mixed
kesterite and wurtzite phases. From the UV-vis-NIR measurements, the band gap was
estimated to be 1.48 eV and 1.55 eV for sample S and TAA respectively. The
interference of Cu;S4 impurity phase makes it difficult to determine the band gap using
absorption measurements for the DDT sample. The valance band and conduction band
energy levels are determined using CV measurements to be -5.37 and -3.85 eV (sample
S), -5.60 and -3.91 eV (sample DDT), -5.55 and -3.99 eV (sample TAA), corresponding

to electrical band gaps of 1.52 eV, 1.69 eV and 1.56 eV respectively.

The low-cost, environmentally friendly water based nanocrystal ink using CuS, ZnS and
SnS; nanoparticles was also developed. Post-annealing at 300 °C and above promoted the
solid-state reactions between the binary CuS, ZnS and SnS; to form quaternary CZTS
phases. The composition of CZTS film can be tuned by modifying the molar ratio of
binary sulfides precursors. The band gaps of as-prepared stoichiometric CZTS and Zn-

rich CZTS were determined by UV-vis-NIR measurement to be 1.43 eV and 1.52 eV
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respectively. CZTS based TFSCs were fabricated with the binary sulfides nanoparticles

approach. The device demonstrates a total area efficiency of 5.12% with V. = 378 mV,

J =262 mA/cm? and FF = 51.7%. The series resistance (Rs) and shunt resistance (Rgp)

are determined to be 3.6 Q-cm’ and 404 Q.cm®’. Combined with the low-cost,

environmentally friendly and upscalable fabrication steps, our synthesis method is highly

promising for potential industry scale application.

6.2 Scientific Contributions

1.

Detailed investigations on the effects of synthesis parameters including reaction
temperature, reaction time, solvent and ligand were performed. The growth
mechanism of CZTS nanoparticles were proposed based on results from time-
dependent studies. The knowledge could provide guideline for the controlled
synthesis of CZTS nanoparticles.

CZTS Kkesterite, wurtzite and mixed kesterite-wurtzite phases were synthesized
using different sulfur sources. It was found for the first time that the reaction rate
of sulfur precursor is the key factor that determines the formation of each phase.
Cyclic voltammetry studies have been used for the first time to estimate the
conduction band energy, valence band energy as well as the electrical band gap of
CZTS. The conduction band energy and valence band energy of wurtzite CZTS
were first reported.

The water based nanocrystals ink using CuS, ZnS and SnS, nanoparticles has
been developed for the first time. The as-prepared solar cells demonstrated an

encouraging performance with a total area efficiency of 5.12%.
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6.3 Future Directions

The studies and findings shown in this thesis dissertation provide better understanding of

the synthesis and formation mechanisms of both kesterite and wurtzite CZTS

nanoparticles. The knowledge is very useful for the preparations and applications of

CZTS nanoparticles. In addition, water based nanocrystals ink using CuS, ZnS and SnS,

nanoparticles is very promising due to low fabrication cost and environmental factors.

However, there are still some issues described below needs to be tackled.

1.

The choices of solvent and ligand were limited due to time constrain. In this thesis,
DCB was used as the solvent, and OLA was used both as the solvent and ligand.
Future research efforts could be made to explore other solvents like 1-hexadecane
(Ci6Hs34), and ligands such as trioctylphosphine oxide (TOPO), hexadecylamine
(HDA), oleic acid (OA) and dodecylphosphonic acid (DDPA). The optimization
of solvent and ligand may led to better control in the size and morphology of
CZTS nanoparticles

The composition uniformity and localized secondary phases were two main
problems that reduced the solar cells performance. More work needs to be done to
find ways to prepare highly pure CZTSSe thin film with uniform composition
distribution. Studies using electron probe micro-analyzer (EPMA) and cross-
sectional EDS line on the CZTSSe film scan may help to solve these problems.
The loss mechanism of as-prepared CZTSSe solar cells needs to be investigated.

The knowledge of the loss mechanism could provide guidelines for future
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advancement of the devices. In view of this, the time-resolved photoluminescence

(TRPL) studies could be carried out.
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Appendix A

Compositional Analysis of CZTS Nanoparticles and Thin Films

The composition of Cu,ZnSnS4 nanoparticles and thin films was analyzed using a energy
dispersive X-ray spectroscopy (EDS) equipped on a FESEM. The accelerating voltage of
20 kV was used. In a typical measurement, the percentages of S, Cu, Zn and Sn for five
different spots were measured, and then the average percentages of were determined. The
ratio for each element was calculated by dividing each percentage with 12.5%
respectively. Table Al shows the EDS measurements of CZTS nanoparticles prepared
using hot injection method is presented with Cu: Zn: Sn: S ratio of 1.96: 0.8: 1.05: 4.19.
In Table A2, the compositional information of CZTS thin film prepared using binary

sulfide approach is presented, showing a Cu: Zn: Sn: S ratio of 1.96: 1.00: 1.05: 4.11.

Table A1: EDS measurements of kesterite CZTS nanoparticles sample

Elements #1 (%) #2(%) #3(%) #4(%) #5(%) Ave.(%) Ratio

S 51.77 52.74 52.46 53.27 51.57 52.36 4.19
Cu 24.82 23.79 24.96 23.98 25.00 24.51 1.96
Zn 10.09 10.20 9.46 9.88 10.44 10.01 0.80
Sn 13.32 13.27 13.12 12.87 12.99 13.11 1.05

Table A2: EDS measurements of CZTS thin film using binary sulfide approach

Elements #1 (%) #2(%) #3(%) #4(%) #5(%) Ave.(%) Ratio

S 50.64 50.11 51.51 51.37 53.49 51.42 4.11
Cu 25.75 24.40 25.20 23.99 22.89 24.45 1.96
Zn 11.71 14.19 12.25 13.27 11.20 12.52 1.00
Sn 11.90 11.30 11.04 11.37 12.42 11.61 0.93
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The XRD results in Chapter 5 show that the as synthesized SnS, contains high content of
amorphous phase. In addition to XRD, EDS measurements were also carried out. Table
A3 presents the EDS results for the as-synthesized SnS, sample. The ratio between S to

Sn was determined to 1.79: 1.

Table A3: EDS measurements of SnS, sample

Elements #1 (%) #2(%) #3(%) #4(%) #5(%) Ave.(%) Ratio

S 63.98 64.67 62.90 64.35 65.01 64.18 1.79
Sn 36.02 35.33 37.10 35.65 34.99 35.82 1

120



Appendix

Appendix B

TOPAS refinement of CZTS samples prepared with TAA

The XRD pattern of sample DDT was refined. As shown in Figure Al, the XRD pattern
matches well with the calculated data for CZTS wurtzite structure. As discussed in
Chapter 4, the CZTS samples prepared using TAA as sulfur source were found to be a
mixture of kesterite and wurtzite phases. In order to determine the relative amount of
each phase, the rietveld TOPAS refinement was also performed on sample TAA (Figure
A2). It was found that the CZTS samples prepared using TAA as sulfur source contains

50.3 wt% of kesterite phase and 49.7 wt% of wurtzite phase.
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Figure Al: The retievld TOPAS refinement results for Sample DDT. The XRD pattern match
with the CZTS wurtzite structure.
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Figure A2: The retievld TOPAS refinement results of sample TAA shows that this sample

contains 50.3 wt% of kesterite phase and 49.7 wt% of wurtzite phase.

122



Appendix

Appendix C

Time -dependent studies of CZTS nanoparticles prepared using DDT

Figure A3 shows the TEM images of nanoparticles prepared with DDT as the sulfur
source. It could be observed that the size of nanoparticles increases gradually with respect
to reaction time. At 10 min and 30 min (Figure A3 a and b), the shape of nanoparticles is
mainly near-spherical. At 1 hour (Figure A3c), the nanocube-, nanobrick-like shapes start

to emerge. At 2 hour (Figure A3d), more nanocubes and nanobricks are observed.

Figure A3: The TEM images of nanoparticles prepared using DDT as precursor reacted for (a) 10
min, (b) 30 min, (c) 1 hour and (d) 2 hour.
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