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Abstract

Solar energy is free and globally abundant and harnessed cost-effectively, it has the
potential to be the world’s main source of energy. CulnGa(S,Se), solar cells have a very
high efficiency of 20 %. However, gallium is a rare and expensive element. We have
decided to work on its alternative CulnSe; (C1Se) and CulnS, (CIS) by removing gallium
or both gallium and selenium. The p-type CISe or CIS light-absorbing semiconducting
layer is crucial for this type of solar cell. Preparation methods for CIS and CISe films

were developed to reduce the costs and enhance the photoelectrochemical efficiency.

The first preparation method was a low-temperature, one-pot, solvothermal synthesis of
CIS nanocrystals (NCs) using metal salts as precursors, which was optimized based on a
photoelectrochemical (PEC) measurement. The resultant NCs were fully characterized in
Chapter 2 by conventional analytical and physical methods such as XRD, EDX, SEM,
XPS, and TEM. X-ray absorption near edge structure (XANES) was utilized to not only
investigate the absence of secondary phases and oxidation states, but also to obtain
information about the connectivity of the capping ligand, effects of composition on the

electronic structure of the materials, and the position of the conduction band (Chapter 3).

A linker molecule (3-mercaptopropyl) trimethoxysilane (MPTMS) was utilized to link
the back contact to the CIS NCs. The monolayer, when tested with PEC measurements,
produced a similar photocurrent density to much thicker films of CIS NCs. Polarization
XANES was carried out to assess the CIS NC orientation (Chapter 4).

NC films were cast in a variety of ways including spin-coating and drop-casting. The
addition of the next layer, CdS, in the full device fabrication was also investigated. It was
discovered that a low-temperature annealing process of the CIS/CdS bilayer followed by

an additional CdS layer produced a significant photocurrent enhancement (Chapter 5).



Also explored was the successive electrochemical deposition of copper and indium
followed by selenization to form ClSe. All films formed by these methods were fully
characterized using conventional techniques as well as XANES and extended X-ray
absorption fine structure (EXAFS) (Chapter 6).
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1 Introduction

The global demand for energy has been projected to increase as much as 48% in the next
20 years," and the world needs to find a way to meet this demand that is sustainable.
Fossil fuels are one of the most widely available and cheapest sources of energy.
However, the major problem with fossil fuels is the CO, emissions and greenhouse gases
that are produced in both their refinement and use, which destroy the ozone layer and are
one of the main causes of global warming.? * Estimates have the CO, emissions at
approximately 5 tonnes per capita worldwide in 2014.* This causes severe effects on the
environment, but is still potentially reversible as long as these environmental hazards are

reduced, and ideally stopped from production.

Another source of concern is that oil, coal, and natural gas are the main sources of energy
currently used worldwide, but are finite resources. Projections for each of the reserves to
run out are as early as 50 years, 70 years, and 250 years, respectively, for oil, natural gas,
and coal.> We, as a society, must shift away from fossil fuel as a source of energy in the

long term.

Alternative sources of energy are becoming more and more popular, and sources such as
nuclear, hydro, and wind are being utilized everywhere now, especially in Canada. While
each of these technologies are excellent in their own right, they too have their own
pitfalls. Much more research needs to be done for safer and more inexpensive disposal
solutions for nuclear hazardous waste. Hydroelectric energy requires building dams, and
the resultant flooding destroys habitats for many flora and fauna. Wind requires building
and maintaining incredibly large turbines, which are extremely costly. Combined with
the fact that these energy sources are not always an option for people in some areas of the

world, suggests that a renewable source with global availability is needed.

Solar energy is an abundant, free source of energy that requires no mining or combustion
to obtain. Approximately 885 million TWh from the sun reach the surface of Earth every
year, which is thousands of times more than humans consume in that same timespan.®
What is required is a method of harnessing solar energy into usable electricity. This can

be accomplished through the use of photovoltaic devices or solar cells. These devices



can convert sunlight to electricity without substantial mechanical movement, and they

can be placed anywhere the energy is needed.

1.1 Solar Cell Generations

There are three generations of photovoltaic devices encompassing several different
methodologies for the generation and capture of the photogenerated electron hole pair.
The first generation is crystalline wafer silicon solar cells. This technology is the oldest,
having reached efficiencies of over 20 %, and is already used commercially. First
generation solar cells needed a relatively large amount (10 um) of highly crystalline Si,
which, up until recently, was costly to produce. To combat the amount and purity of
silicon needed, second generation solar cells were developed. The second generation is
single junction, thin-film inorganic solar cells. These photovoltaic devices are the answer
to the excess material problem found in the Si-based devices. The absorber layer is
typically 1 to 2 um thick using considerably less material than the first generation
alternatives. A few examples of this generation include CdTe, CulnGa(S,Se), (CIGS)
CulnSe; (CISe) and CulnS; (CIS). Finally, the third generation solar cells are attempting
to compensate for the Shockley-Queisser limit for single junction photovoltaics.? The
Shockley-Queisser limit uses various assumptions to find the maximum theoretical
efficiency of 30% for a single p-n junction photovoltaic device.® Examples of this
generation include tandem p-n junction solar cells, multi-exciton quantum dot
technology, and perovskite solar cells.® These technologies are still in the developmental
stages, and have a variety of issues to overcome before they can be successfully

commercialized.
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Figure 1.1 Structure of a CIS photovoltaic device.

CIGS solar cells have efficiencies that are already high enough to commercialize;
upwards of 20 %.” What is preventing the widespread commercialization of these
materials is their cost. Gallium is a relatively rare element which drives up their price.
There is an alternative: the gallium can be removed from CIGS to produce CIS or ClSe,
which can dramatically reduce the cost.

Second generation solar cells have a relatively simple structure; an example of which is
shown in Figure 1.1. The back contact is often indium-doped tin oxide (ITO), fluorine-
doped tin oxide (FTO), or molybdenum-coated soda lime glass. CIS or CISe is the light-
absorbing layer, and CdS is an n-type buffer layer that provides a photocurrent
enhancement due to band matching. The aluminum doped zinc oxide (Al:ZnO) and zinc
oxide layers are n-type window layers that do not absorb in the solar spectrum, and create

the p-n junction.

1.2 CulnS, and CulnSe,

CIS and CISe have direct band gaps of 1.4 to 1.5 eV and 1.0 eV respectively, and high
absorption coefficients of 10* — 10° cm™, * 1% making them ideal for use in solar cells.
Copper, indium, and sulfur are all relatively non-toxic, and — with the exception of
indium — inexpensive and earth-abundant elements. Although indium is not globally
available, one of the major indium deposits is present in Canada.™* While indium is a
relatively expensive element, the laboratory efficiencies of CIS and CISe incorporated



into a full device are high enough to compensate for the increased cost from the use of
indium. The record efficiencies of CIS and CISe based solar cells are currently 12.5%
and 15 % respectively.> *3 The techniques used to achieve high efficiencies, however,
use toxic conditions such as H,S,* hydrazine,™ '® or KCN;* and high-cost techniques
that require vacuum systems*’ or high temperatures.'* These methods are prohibitive for

the commercialization as they are both costly and dangerous.

1.3 Semiconductors
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Figure 1.2 Band structure of a) an i-type semiconductor b) a n-type semiconductor

and c) a p-type semiconductor

Solar cells work through the use of semiconductors. A semiconductor has a conductivity
between a metal and an insulator. In a single atom or molecule the energy levels are
discrete. In a solid, however, the abundance of energy levels forms bands. The electron
filled band is termed the valence band (VB), and the unfilled band is the conduction band
(CB).This concept can be used to explain conductors, insulators, and semiconductors. In
a conductor, the VB and CB overlap and thus the electron can move freely. An insulator
has a large band gap energy (Ey) between the VB and CB such that, for an electron to
move from the VB to the CB, a large amount of energy is required. A semiconductor has
a smaller Eg, so that a smaller input of energy — be it thermal or photonic — can excite an

electron and allow current to pass through the material.



There are three types of semiconductors: intrinsic or i-type, p-type and n-type. A
representation of each is shown in Figure 1.2a), the VB and CB have a small enough gap
between them that electrons can be promoted with a small amount of energy. The fermi
level (E;) falls right between the VB and CB. The other types of semiconductors involve
introducing a level in the band gap region via doping. The n-type semiconductor (Figure
1.2b) is electron rich, meaning there is a level just below the conduction band into which
electrons can move. This moves the E; closer to the CB, and introduces an energy level in
the band gap region just below the CB. A p-type semiconductor (Figure 1.2c) is an
electron-poor semiconductor which introduces an energy level just above the VB and
moves the E; closer to the VB. The extra energy levels make it easier for the promotion of

the electrons, as less energy is needed.

1.4 p-n Junction
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A semiconductor alone is only the first step in harnessing the sun’s energy. A p-n
junction needs to be created as the first step of creating a photovoltaic device. It involves
a p-type semiconductor being brought into contact with an n-type semiconductor (Figure
1.3a). When the two are in contact, the electron rich n-type semiconductor’s electrons
diffuse across to the p-type semiconductor at the surface (Figure 1.3b) leaving holes at
the interface of the n-type semiconductor. At the interface, the p-type is electron rich, and
the n-type is electron-poor, which continues up to a certain depth in both films. This area
across both films is called the space charge region (SCR) (Figure 1.3b). This diffusion of
electrons and holes across the interface continues until equilibrium is reached. At this

point there is an internal potential.

When a photon hits the semiconductors electron hole pairs are generated (Figure 1.3c,
shown in red). If the photogenerated electron hole pair occurs in the bulk of the p- or n-
type semiconductors they will immediately recombine. If the photogenerated electron
hole pair occurs in the SCR the internal bias causes the electron to move toward the n-
type side, and the hole to move toward the p-type side, which is shown with arrows in
Figure 1.3c.

Finally the electrons can be extracted using an external bias in the reverse direction. Note
that an external bias in the forward direction (anode connected to the p-type and cathode
connected to the n-type) pushes electrons toward the interface, while an external bias in
the reverse direction pushes electrons away from the interface. A reverse bias is more
useful for solar cell applications as the photogenerated electron hole pair created in the

SCR needs to be separated or pulled away from the interface.

1.5 Tools for Characterization

151 Photoelectrochemical Measurement

The optimization of the CIS, and CISe layers is the most important aspect of this work.
However, building a full device after every small change to the light-absorbing film can
be time-consuming and costly. Photoelectrochemical (PEC) measurements allow for the
light-absorbing CIS film to be photoelectrochemically characterized without the full

device fabrication. PEC measurements utilize methyl viologen (MV?") in an aqueous



system.'® The CIS film is plated on a conductive back contact and used as the working
electrode. Under illumination the CIS reduces the MV** to MV/* following equations 1.1
to 1.5.

c1s 3 cis,_ Ihs (1.1)

CIS,_ + CISy, S cIs (1.2)

CIS,_ + MV S [MV* - CIS], (1.3)
[MV* - CIS] e <5 CIS + MV (1.4)
[MV* - CIS,_Jins + CISps 3 CIS + MV2* (1.5)

The incoming photon creates an electron hole pair (equation 1.1). The pair can then either
decay (equation 1.2) or transfer the electron to the MV?* (equation 1.3). The transfer
forms an intermediate species where the MV is associated with the CIS. This
intermediate can then separate into MV" and CIS, and current can flow; or the electron
associated with the MV" can recombine with a hole from the CIS film, and no current is

produced from the excitation.

15.2 Conventional Characterization

A variety of techniques and instrumentation were utilized to gather compositional,
structural, and morphological information about CIS and CISe. The theory behind these
techniques will be briefly discussed here.

Scanning electron microscopy (SEM) involves probing the material with a focused
electron beam. As the beam of electrons scans the surface of the material several
processes occur some of which include: backscattered electrons, Auger electrons, and X-
ray fluorescence.™® The backscattered and secondary electrons are used to create the

image of the surface which gives topological information. The X-rays emitted from the



material in question can also be collected for qualitative and quantitative purposes. This

bulk-sensitive technique is termed energy dispersive X-ray spectroscopy (EDX).*

When an X-ray passes through matter in interacts with the electron clouds surrounding
each atom. The wavelengths of X-rays are comparable to that of the separation between
the atoms, constructive and destructive interference occurs. The X-rays are scattered, but
only those with constructive interference (or beams that are in phase) are observed.*®
This means that the spacing between the layers of atoms must be similar to the incident
X-ray wavelength, and the atoms are oriented in a highly regular way. X-ray diffraction
(XRD) relates the pattern produced from this X-ray scattering to the structure of the

crystal. This is accomplished through the use of Bragg’s law'® shown in equation (1.6).
A = 2dsin® (1.6)

Where A is the incident wavelength, d is the spacing between the planes of atoms and © is
the Bragg angle. For each plane, defined by the miller indices h, k, and |, the Bragg angle
is unique and manifests as a peak in the diffractogram. Thus the structure, crystallinity

and size of the crystals in the system can be determined.

X-ray photoelectron spectroscopy involves measuring the kinetic energy (Ex) of the
resulting photoelectrons after a material is exposed to an X-ray source. The binding

energy of that photoelectron is determined based on equation (1.7)*:
Ep=hv—E, —w

Where Ey, is the binding energy, hv is the energy of the incoming photon, and w is the
work function. The binding energy is characteristic of a specific atom in a specific
oxidation state. This measurement allowed for the oxidation states of the atoms in the

materials to be probed as well as their surface composition.

1.5.3  Synchrotron Radiation

Synchrotron Radiation (SR) is a specific type of radiation that is produced by
accelerating electrons to near the speed of light and then using a magnetic field to change
their trajectory, which causes them to emit electromagnetic radiation.”® SR is highly



collimated, and can be used to determine significant information about a material. X-ray
absorption spectroscopy fine structure (XAFS) is the measure of the absorption
coefficient of a material at specific energies.? It is similar to UV-vis spectroscopy,
except that instead of an excitation from ground state to an excited state, XAFS involves
the ejection of a core electron.? It can be broken down into X-ray absorption near edge
structure (XANES), which probes the near edge region of a core level of a specific
element and extended X-ray absorption fine structure (EXAFS), which probes the local
geometric structure surrounding the element of interest.”> 2* These two ranges of a
typically metal spectra are shown in Figure 1.4 . XANES is defined as the region directly
around the absorption edge, including pre-edge features and EXAFS begins at the first

oscillation of the post edge.?

BN

Extended X-ray Absorption Fine Structure

Absorption

X-ray Absorption Near Edge Structure

Energy (eV)

Figure 1.4 XAFS spectrum of a metal outlined with the XANES and EXAFS

regions.

XANES measurements typically involve a pre-edge region, the region right before the
large jump in the absorption coefficient, and the large increase in the absorption
coefficient termed the “white line” which occurs at Eq. Each element has its own specific

core electron excitation energy and as such this technique can determine which elements
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are present. The pre-edge probes the transitions of the excited electrons into empty
orbitals spin-forbidden transitions are changes in this spectrum reflect changes in local
geometry, oxidation state and bonding.?! The energy at which the absorption white line
appears is also indicative of oxidation state and involves spin-allowed transitions.”* As
such XANES can be used to determine site specificity, interfacial interactions, and the
local chemical environment of the absorbing atom.?  Its high sensitivity to these and
other aspects of the material are why it was chosen for characterization of the CIS and
ClSe.

1.6 Scope of Thesis

This work focuses on a layer-by-layer optimization of CIS and ClSe solar cells using
low-cost methods. The cost associated with the fabrication of these solar cell devices to
achieve a high efficiency is what is preventing them from commercialization. If the
associated costs can be lowered then this technology could be of great use in shifting

energy use towards becoming renewable and environmentally friendly.

The deposition and fabrication of the CIS and ClSe is the most expensive part of the
process. In this work, two different methods of light-absorbing layer fabrication and
deposition will be explored. The first is a facile one-pot synthesis of CIS nanocrystals
(NCs) optimized in Chapter 2. This technique uses low temperatures and non-toxic
solvents. The resultant product was fully characterized both in Chapter 2 by conventional
means, and in Chapter 3 by synchrotron radiation, to not only investigate the presence of
secondary phases, but also to obtain information about the connectivity of the capping
ligand, and the position of the conduction band. Chapter 4 describes a novel method of
attaching the NCs formed from the one-pot synthesis to the back contact. A linker
molecule, (3-mercaptopropyl)trimethoxysilane (MPTMS), was used to chemically adhere
the NCs to a metal oxide back contact via bond through the silane end of the molecule
and the thiol group on the opposing end. This created a monolayer of CIS NCs over the
surface of the back contact that, when tested with PEC measurements, produced a similar
photocurrent density to much thicker films of CIS NCs. Chapter 5 explores the second

method of light-absorbing layer fabrication. Electrochemical deposition (ECD) of the
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copper and indium followed by a selenization to form CISe is the focus of this chapter.

ECD is a low cost process that is already carried out on an industrial scale.

Finally, in Chapter 6 the optimization of the next layer, CdS, is performed for the NCs. A
low-temperature annealing process provided photocurrent enhancement that will
ultimately benefit the full devices. In the final chapter a summation of all the findings of

this project will be given.
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2  Preparation and Characterization of CulnS,
Nanocrystals for Photovoltaic Materials

(A version of this work is presented in Physical Chemistry Chemical Physics. Tapley, A.;
Vaccarello, D.; Hedges, J.; Jia, F.; Love, D. A.; Ding, Z.; Phys. Chem. Chem. Phys.
2013, 15, 1431-1436.)

2.1 Introduction

Solar energy is a readily abundant free source of energy that has great potential to be a
solution to the world’s energy crisis. Thin film solar cells are one of the attractive
protocols for harnessing this energy. An example of a thin film solar cell is that of
Cu(In,Ga)Se; (CIGS)," 2 which has shown a laboratory efficiency up to 20%.°
Unfortunately, gallium and selenium are expensive, dangerous, and gallium is difficult to
handle; so although this material shows high efficiency, it is not a good candidate for
low-cost, low-environmental-impact production of solar cells. The removal of gallium
and selenium yields CulnS; (CIS). CIS shows great potential to replace CIGS and silicon
based solar cells with laboratory efficiencies up to 9.5%.* Drawbacks of this solution
include the cost associated with the production of this material, as well as the
environmental impact of the synthesis.” Current methods of preparing the light-absorbing
layer involve vacuum deposition® and high temperature annealing in a sulfur or selenium
atmosphere. * >’ The removal of these steps is important to bring the cost and impact to
the environment down. Only a few reports have appeared for alternative fabrication
methods such as electrochemical processes, particulate processes, nanoparticle inks, and
phase changing materials to the photovoltaic ones via solid state reactions.** Most of

these methods still needed high-temperature annealing.

Herein we report a one-pot synthesis at low temperatures and without the annealing step
where CIS nanocrystals (NCs) were prepared. Optimization of the initial stoichiometry
was conducted based on a photoelectrochemical (PEC) measurement at interfaces
between NC films deposited on indium-doped tin oxide (ITO) and 0.1 M methyl viologen
dichloride (MV?*) solution. This method allowed for a quick and relatively easy approach
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of testing the photoconversion of the NCs relative to each other without the preparation
of a full device.” Mott-Schottky and UV-Vis absorption experiments were used to
investigate the photovoltaic properties and absorption coefficient of the NCs. The NCs
were investigated using energy dispersive X-ray spectroscopy (EDX) for the bulk
samples and X-ray photoelectron spectroscopy (XPS) as a more surface sensitive
approach. Morphology and size were examined using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Finally, the crystal structure was
measured using powder X-ray diffraction (XRD). The CIS molar ratio and reagents were
identified as yielding NCs with great potential for a light-absorbing layer in solar cells.
With the subsequent characterization, the factors that affect the quality of the absorbing

layer were explored.

2.2 Experimental

CuCl,*H,0 (Sigma-Aldrich 99.0%), copper(ll) acetylacetonate (Cu(acac),, Aldrich
Chemistry 97% ), and indium (I11) acetylacetonate (Aldrich chemistry 99.99%) were used
as the metal sources. The copper and the indium salts were placed in benzyl alcohol (BA,
Sigma-Aldrich, 99.8%) in varying ratios. They were dissolved in the BA at
approximately 160 °C for two minutes. Then 20 mg of 2-mercapto-5-propylpyrimidine
(MPP, Alfa Aesar 98%) was added in combination with a thiourea (Fluka 99.0%)
solution in BA at a concentration of 0.2 M. The vial was then heated to 180 °C for 10
minutes in a silicone oil bath. The resulting solution was allowed to cool to room
temperature, and the NCs were centrifuged using a Thermo Scientific Sorveall Legend
Micro 21 centrifuge at 12,000 g for 6 minutes. The supernatant was discarded and the
NCs were dispersed in 1 mL of acetone using a 1510 Branson Sonicator at 42 kHz. The
NCs were centrifuged again, the supernatant was discarded, and they were left to dry

overnight.

2.2.1 Characterization

The quality of the NCs was tested using PEC experiments based on a previous method
(shown in Figure 2.1) reported by Ye et al.” The as-prepared NCs were dispersed in

acetone at a concentration of 20 g/L, and two 6 pL drops were drop cast onto a masked
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surface area of 0.1 cm? on a cleaned ITO-coated polyethylene terephthalate (PET) plate
(Aldrich, Mississauga, ON). The plate was then submerged in a 0.1 M MV?*, (Aldrich
Chemicals 98%) and 0.1 M KCI (Sigma-Aldrich 99.0%) solution. A saturated calomel
electrode (SCE) and a platinum coil were used as the reference and counter electrodes,
respectively. The electrochemical cell was placed in front of a150 W Newport lamp with
an AM 1.5D filter. Between the light source and the cell was a shutter that operated at
0.333 Hz for light on and off switching (Figure 2.1). A linear voltage sweep was applied
between 0 and -0.4 V at a scan rate of 5 mV/s using an Electrochemical Analyzer (CH

Instruments, Austin TX).

Mott-Schottky plots were obtained with the same electrochemical setup as in the PEC
measurements. Instead of the shutter, the sample was kept in the dark and illuminated in
two separate experiments. The ac frequency applied was 1 kHz over the same potential

range used in the PEC measurement.

“Electrochemical
Analyzer

Figure 2.1 Diagram illustration for photoelectrochemical measurements.

The SEM was performed using a Hitachi S-4500 field emission electron microscope with
a Quartz XOne EDX system at Surface Science Western. The TEM was carried out on a
Philips CM 10 transmission electron microscope at The Biotron Institute for
Experimental Climate Change Research at Western. XRD spectra were obtained using an
Inel CPS Powder Diffractometer with a Cu X-ray radiation (Inel XRG 3000) generator,
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and an Inel CPS 120 detector. The XPS was investigated using a Kratos AXIS Nova

Spectrometer using a monochromatic Al Ko X-ray source.

2.3 Results and Discussions

2.3.1 Synthesis

The metal and sulfur sources were varied to find the recipe that produces NCs with the
largest current density based on the PEC measurement. Two different copper salts were
utilized separately while keeping the indium (111) acetylacetonate constant. Indium was
varied from approximately 0.5-2.5 molar equivalents relative to copper. Thiourea was
used as a sulfur source due to the poor solubility of sulfur in BA, and it was varied from
0.5 to 4 molar equivalents relative to copper. When thiourea is heated to 180 °C or
above, hydrogen sulfide is produced.’® H,S can not only reduce copper, but it can also
react with it to form copper sulfides. H,S can also combine to In(I11) to form In,S3 This
makes it a better candidate for this synthetic strategy than elemental sulfur. A potential
issue can arise from forming copper and indium sulfide subphases that inhibit the ability
of the material to produce a current. Their presence can be tested using XRD.

The one-pot synthesis was done at a relatively low temperature using a short capping
ligand: MPP. Previous studies often used oleylamines to stabilize the NCs.” ' MPP has
been used previously to stabilize copper clusters.'” It was found that this capping ligand
gave better quality NCs based on the PEC measurements. This could be attributed to the
delocalization of electron density on the pyridimine ring facilitating electron transfer
when the NCs are exposed to light. MPP also contains a sulfur atom which potentially
incorporates into the CIS crystal structure. This is especially likely, as in this synthesis no
excessively high temperatures are used to burn out the organic components of the NCs.
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2.3.2 Photoelectrochemical Measurements
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Figure 2.2 Photoelectrochemical measurements of CIS films that used Cu(acac), as
the copper source a) high photocurrent (A) in black b) low photocurrent (B) in red
and films that used CuCl; as the copper sources c¢) high photocurrent (C) in purple

and d) low photocurrent in blue (D)

The typical PEC measurements are shown in Figure 2.2 and illustrate a contrast between
NCs with a relatively large current density, samples A and C, and ones with lower
responses to photons, samples B and D. These samples were chosen so the differences
between NCs that did and did not demonstrate a large photoresponse could be
investigated. A and B used Cu(acac); as the copper source, while C and D used CuCl,.
The current densities ranges were between 12.8 and 27.9 pA/cm? for A, 1.21 and 2.88
nA/cm? for B, 9.18 and 13.6 pA/cm? for C, and 3.32 and 7.36 for D. If just the highest
photocurrent densities are considered the following observations can be made: sample A
is almost an order of magnitude larger than B, sample C is only about two times larger
than D, and finally sample A had a density approximately two times larger than of sample
C.

The CIS NCs that used CuCl; as the copper source would often show current densities
higher than that of the Cu(acac), samples. This is not reflected in the PEC measurements
in Figure 2.1, however, because the samples that used CuCl, were not as reproducible as
those synthesized from Cu(acac),. The lack of reproducibility from the CuCl, samples
may be due to CuCl present in the flask. CIS formed directly from Cu(l) is electrically
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resistive leading to an inconsistent photocurrent. This agrees well with the results

reported by Messaoudi et al*® on the preparation of CIS using a spray pyrolysis method.

A small slope in all of the PEC measurements suggests lower resistive properties within
the film. The rises and falls in photocurrent can be explained by looking at the kinetics of
interfacial photoreactions. The following reactions are what occurred when light hit the

19-22 0

samples. This is similar to the case at a semiconductor electrode/electrolyte r

liquid/liquid interface, where a photosensitizer is adsorbed at the interface and the redox

couple stays in the organic phase.?* %

hy
ClIS —» CIS* 2.1)

Kd
CIS* —> CIS (2.2)
CIs* + MV _Ke [MV*-- CIS™] (2.3)
MV = CIS'] 5 CIS + MV (2.4)

+ + kps + +

[MV*-- CIS*] —> MV* + CIS (2.5)

The initial excitation of the light-absorbing layer is shown in equation 2.1. The excited
state can either decay back to its original state (equation 2.2) or react with the MV** to
form an intermediate species via electron transfer (equation 2.3). The charges in the
intermediate state can then either recombine (equation 2.4) at a rate of k;, or separate
(equation 2.5) at the rate of kps.23 When the NCs were illuminated, an increase in
photocurrent was seen. After the initial response, a gradual increase in the current density
was observed until the shutter closed. Upon removal of the light, the photocurrent sharply
decreased to a certain point before tapering off. The large increase in current in samples
A and C suggests a greater concentration of charge carriers. The gradual rise and fall in
photocurrent upon illumination and light-off for all the four samples indicates that kys>
k..2* This observation is very similar to that of photocurrents enhanced by a gold
nanoparticle film at polarized interfaces formed by porphyrin in organic phase and

ferrocene in water.?



19

The gradual increase in photocurrent in samples A and C during illumination, after the
initial current spike, might be caused by the excited states at the absorbing layer/solution
interface that have reached the concentration limit to react with MV?* in excess. In any
case, k; is small for all the samples, since photocurrent decay was not observed during the
illumination. In the case where k; is larger, a sharp increase followed by decay in the
current would be observed. Very interestingly, when the light is off, the feature of a
negative overshoot in the current before returning to zero® is absent from the obtained
transients. Instead, a gradual decrease in the photocurrent is observed. These very
interesting observations implicate the diffusion of the excited states (though minor upon
illumination) to the absorbing layer surface and their reaction with MV?* (equation 2.3)
to generate the positive current compensating for the expected negative current caused by
the recombination (equation 2.4). This result is very similar to that obtained by
Schaming et al. for their photoelectrochemical system at a liquid/liquid interface covered
with Au nanoparticles.?® The as-prepared NC films are very favourable for photovoltaic
applications. While photocurrent generated by samples B, C and D are independent of
applied voltage, A displayed the highest current in the potential range between -0.2 and -
0.4 V.
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Figure 2.3 Mott-Schottky plots of the samples that used Cu(acac), as the sulfur source a)
The high photocurrent sample and b) the low photocurrent samples. The measurements in

the light are in red and in the dark are in blue.

Figure 2.3 displays the results of the Mott-Schottky experiments that were performed on

the overall best (Figure 2.3a, sample A) and overall worst (Figure 2.3b, sample B) samples.
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The linear section of the plots indicates a space charge region in the materials, and the
negative slope of the line indicates that a p-type semiconducting material was obtained.*
28 The slope of the line is inversely proportional to the acceptor concentration (Np),
which has been calculated at 8.65x10%, 1.18 x10* for sample A and 1.26 x10* and 3.79

x10?° sample B in the dark and upon illumination, respectively.

A negatively sloped linear plot is only observed for more negative potentials and the plot
may deviate from the line due to the semiconductor thickness.” The slope of the line
decreased when the light is removed from this system for sample A, meaning the
acceptor concentration increases, which is likely due to charge trapping at the interface of
the material and the electrolyte.”® Sample B had a lower concentration of charge carriers
than sample A. As well, sample B did not show a linear plot over as wide a range as
sample A. Although sample B is a p-type semiconductor, from both Mott-Schottky plots
and PEC measurements it can be determined that it does not have as many desirable
features as sample A. The absorption coefficients were calculated to be approximately 1.6
x10* cm?g™ for both samples A and B, which is comparable to previously reported
values.”” % Please note that the MPP capping ligand was not removed, whereas the ones
in the literature were eliminated, and just the CIS was tested. Both the charge carrier
concentrations and the absorption coefficient gave us insight into the photovoltaic

properties of the CIS NCs made through our one-pot synthesis.
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2.3.3 Composition

Table 2.1 Molar Ratios for CulnS,

Method Sample Cu In S

Initial A 1.00 1.02 4.03
1.00 1.95 3.88
1.00 2.37 3.36
1.00 2.00 6.56
EDX 1.00 049 1.34

1.00 1.02 223

B

C

D

A

B

C 1.00 045 1.26

D 1.00 0.96 2.00

XPS A 1.00 1.37 2.07
B 1.00 254 2.88
C 1.00 2.25 3.02
D

1.00 2.49 3.02

EDX and XPS for measuring the composition of the resulting black powder were
employed, and the resulting data is listed in Table 2.1. It was generally found that for the
NCs to show a large photoresponse the starting ratios must be copper-deficient and
indium-rich. Excess sulfur was required to attain a larger current density. Contrary to the
initial ratios, the final product is often copper-rich and indium-deficient as was seen in
the values given by the analytical methods used. Sulfur was also most often present in

eXxCess.

When the bulk composition was investigated with EDX, all four samples were copper-
rich and indium-deficient with the exception of sample B. This is not unexpected as all
four samples showed a photoresponse. P-type copper-rich samples are materials that are
typically the most effective absorbing layers and show higher current densities.?® The low

current density samples were very close to a stoichiometric compound, while samples A
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and D were indium-deficient. Since sulfur was added in excess, it was expected to remain
in excess in the final product. However, samples A and D had comparatively less than the
other samples. An excess in sulfur may increase the chance of the formation of secondary

phases.®

The surface composition of the material can be seen in Table 2.1 under XPS. All samples
were copper-deficient, indium-rich and sulfur-rich. The Cu(acac), samples had less sulfur
than the CuCl, samples. The presence of excess sulfur on the surface may indicate the
presence of Cu,S.*® Samples A and D present less indium than B and C. Sample A has
the largest amount of copper at the surface which further supports correlation between
photoresponse and the presence of more copper. Another interesting feature of the
surface is that carbon and nitrogen were present. This is indicative that the capping
ligand, MPP, is still present and supports the idea that MPP may be a part of the crystal
itself.
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2.3.4  Morphology

10a0kM X690 . 0K Seonm

Figure 2.4 SEM images of the samples using Cu(acac); as the copper source a) high
photocurrent (A) b) low photocurrent (B) and using CuCl; as the copper source c)
high photocurrent (C) and d) low photocurrent (D). The insets are the

corresponding TEM images

The SEM images of the four samples are shown in Figure 2.4. The structures present in
all four samples were between 30 and 70 nm in diameter. The structures in samples A
and C (Figure 2.4 a and c) were typically smaller than those of samples B and D (Figure
2.4b and d). The overall morphologies of samples A, B, and D showed a more amorphous
surface. Sample C had more discrete particles. Samples A, D and to some extent B’s
particles had much more jagged edges, and it was difficult to differentiate single
particles. The amorphous nature of high-photocurrent sample A may promote electron
mobility throughout the film. The high-photocurrent sample C does not show this feature,
which is an explanation as to why it does not produce as much photocurrent as sample A.
Samples B and D showed similar morphological characteristics to sample A, although as
discussed previously their composition is not ideal. The low photocurrent samples (B and

D) may be producing secondary phases, which will be discussed in the next section.
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The insets in Figure 2.4 are the corresponding TEM images. They reveal sizes for the
structures that are on the same order of magnitude as those in the SEM images. It is
evident that the structures shown in SEM are not individual particles, but rather clusters
of smaller sub-structures. The clustering of smaller NCs was seen in all four samples. The
sizes of these sub-structures can be investigated further using the Debye-Scherrer
equation with XRD.

2.3.5 X-ray Diffraction
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Figure 2.5 X-ray diffraction patterns for all four samples and the standard JCPDS

cards for common secondary phases

The results for the XRD analysis are shown in Figure 2.5. All samples match well with
the JCPDS card for chalcopyrite CIS. The cell parameters were calculated at a and b are
equal to 5.51 A and ¢ is equal to 10.72 A. These values matched well with the standard
values of 5.52 A for a and b, and 11.1A for c. The shortened ¢ value could be caused by
the difference in the capping ligand. The shorter MPP ligand may pack more efficiently
than the oleylamine chains. It is difficult to tell if an In,S3 phase is present as it may be
obscured by the broad peaks. The copper sulfides are only distinctly present in sample D
as there was a peak was observed that matched well with the Cu,S card. This phase
forming may be the cause of the inconsistency in the PEC results. If this phase can form,
but not always — as in the high photocurrent CuCl, sample C — it will inhibit the
photocurrent production.
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In order to calculate theoretical dimensions for the CIS products, the Debye-Scherrer
equation was used (equation 2.6)*" where D is the NC size, A is the x-ray wavelength,
0 is the Bragg angle, and B(20) is the full width at half maximum. This equation
produced a theoretical NC size at approximately 2 nm for all samples. This further
supports the results seen in the SEM and TEM pictures that smaller NCs cluster into

larger structures.

0.94

- B(20)cos6 (2.6)

2.3.6 Oxidation States

XPS was not only used to investigate the surface composition of the materials, but also to
provide insight into the oxidation states of the elements present based on the observed
binding energies (BE) listed in Table 2.2, and allowed them to be compared to literature
values. Figure 2.6 displays high resolution XPS spectra of the three elements — Cu, In

and S — for all four NC samples.
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Figure 2.6 XPS results for a) Cu 2ps, electron binding energy (inset auger electron

kinetic energy) b) In 3ds,; electron binding energy c) S 2p binding energy

Biesinger et al. described the problems associated with the binding energies of Cu(0) and
Cu(l) being often indistinguishable (932.63 eV and 932.18 eV, respectively). A modified
Auger parameter sums the binding energy of the Cu 2ps/, electron and the kinetic energy
of the copper Auger electron. This yields unique values for both oxidations of copper:
Cu(0) at 1851.24 eV and Cu(l) at 1849.17 eV.* Through this method Cu(l) was
identified in all samples. The peaks obtained in the experiment are in agreement with the
peaks for In(111).3334 Similarly, the sulfur present in the CIS is in agreement with the
literature values for S % These oxidation states reflect a neutral stoichiometric CIS

product.
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Table 2.2 XPS binding energy results

Sample  Copper Modified Indium BE Sulfur BE
Auger Parameter (eV) (eV) (eV)

A 1849.0 444.65 161.64

B 1848.8 444 .87 161.74

C 1849.0 444.99 161.67

D 1848.9 444 .81 161.76

2.4 Conclusion

CIS NCs with a consistently large current density were synthesized with the starting ratio
of 0.98:1:3.95 for Cu(acac), and 0.5:1:3.27 for CuCl,. The PEC measurements allowed
for the optimization of the CIS stoichiometry. The PEC measurements also gave insight
into the kinetics of the photoreaction, suggesting Kys> k.. Mott-Schottky and UV-Vis
experiments confirmed that the NCs are a p-type semiconductor with a high absorption
coefficient. Examining the bulk composition showed a copper- and sulfur-rich material,
while surface analysis showed an indium-rich, sulfur-deficient material. The sizes of the
NC clusters were found to be in the 30-70 nm range. XRD patterns revealed a
chalcopyrite structure with cell parameters of a and bequal to 5.5 A and ¢ equal to 10.7
A, and a NC size of 2 nm. By means of XPS, oxidation states were found to be I, 11, and

2- for Cu, Inand S, respectively.
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3  Assessing the Band Structure of CulnS,; Nanocrystals
and Their Bonding with the Capping Ligand

(A version on this work is presented in Journal of Physical Chemistry C. Tapley, A.; Liu,
L.; Cui, X.; Zuin, L.; Love, D. A.; Zhou, J.; Sham, T.-K.; Ding, Z.; J .Phys. Chem. C
2015, 119, 20967-20974)

3.1 Introduction

The sun is an available energy source that is vastly abundant, and it has the potential to
solve the energy crisis if it can be harnessed cost-effectively. Inorganic thin-film solar
cells that are renewable, environmentally friendly, and low-cost are therefore in high
demand. One example of these light-absorbing semiconductor films utilizes Cu(In,Ga)Se,
(CIGS). Itis a promising material given that a CIGS solar cell has high laboratory
photoconversion efficiencies of above 20%." Although the use of gallium and selenium in
CIGS adds undesirable costs to the CIGS-based solar cells, they can be removed and
replaced, leading to a ternary chalcogenide CulnS, (CIS) that is also promising as the
light absorber layer in thin-film photovoltaics.”* CIS has a direct band gap between 1.4
and 1.5 eV and a high absorption coefficient in the range of 10* cm™ to 10°cm™.>”7 Solar
cells utilizing CIS as the light-absorbing layer are therefore good candidates, with an

efficiency of >10 %,% ® and >12 % in its quasi-ternary counterpart Culn(S, Se),.’

The fabrication of efficient CIS solar cells currently requires high temperatures and
vacuum methods in a toxic environment, both of which are preventing CIS solar cells
from becoming commercially viable.” >*® Recently, our group has synthesized CIS
nanocrystals (NCs) using a one-pot solvothermal method that avoids high-cost and
dangerous techniques.'®*® The NCs have been previously characterized
photoelectrochemically and structurally.*” *® The use of 2-mercapto-5-n-
propylpyrimidine (MPP) as a capping ligand in place of the typical oleylamine eliminates
the need of thermal removal for the device to produce photocurrent; making it a more
cost-effective capping ligand.'” The interactions of this capping ligand with CIS will be
addressed herein.
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The CIS NCs can be synthesized at various compositions, and their properties are based

%1713 which allows control over the final ratio of the

on the starting molar ratio of Cu/In,
three elements. Copper-rich CIS has proven to achieve a higher overall quality than
indium-rich CIS,% ¥ but synthetic methods of copper-rich CIS typically need to be
etched by KCN to remove Cus for a high efficiency.'® '*?° There has been research on
how variations in the composition at different depths affects the band gap due to a
secondary CuS phase, ** % 2% put it was limited to the effect of etching the CIS surface.
The one-pot synthesis finalized here does not involve KCN etching, and therefore
eliminates the use of an undesirable chemical during the synthesis without sacrificing the
product’s high photocurrent. Also reported here is the effect of composition on the band

gap and the structure without KCN etching.

X-ray absorption near edge structures (XANES) using synchrotron radiation is a
powerful tool that probes the immediate surroundings of the absorbing atom in a given
chemical environment. It can give invaluable information on a variety of aspects of the
materials under investigation — such as element and site specificity, oxidation states,
interfacial interaction, in situ structural evolution of materials, and in situ catalysis —
which are difficult to obtain otherwise.?"*® Secondary phases such as CuS and In,S; can
inhibit photocurrent and detract from the efficiency of CIS. It can be very difficult to
determine if these phases are present, as they have similar diffractograms and produce
only slight shifts in Raman.*”?” Previous studies have been carried out on CIGS using
synchrotron radiation, specifically to determine its conduction band (CB) using
XANES.?® Current research on CIS is mostly on the crystallization process (e.g. the
formation mechanism) using various diffraction methods, but there has been very limited
research on the electronic structure of these materials.?® ?3" There is a lack of
information on the composition and bonding of the NCs, including the Cu/In ratio as well
as the use of MPP as a capping ligand for CIS. MPP removes the need for the high-
temperature annealing necessary with the insulating ligands typically involved in the
synthesis of the NCs. Its interaction with the NCs is as of yet unknown though it has been
postulated that the delocalized electronic structure of the pyrimidine rings aids in the

conductivity and overall performance of the film.!’
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In this work, the S K-edge XANES was used to determine the phase purity and the local
chemical environment in the optimized CIS NCs. N K-edge XANES was then used to
explore the CIS-capping ligand interaction. Finally, the relative CB edge shift between
surface and bulk was examined by S L-edge XANES with total electron yield (TEY,
sampling surface of a few nanometers (nm)) and fluorescence yield (FY, sampling bulk
of NCs with tens of nm probing depth) modes. The S L-edge energy lies in the soft X-ray
range; ideally suited for detection at the surface. The band bending information from the
surface thus obtained was combined with the bulk band gap of NCs determined by
conventional optical measurement (i.e. Tauc plots) to further clarify the structure
difference between low- and high-performance CIS NCs. The above undertaking
provides further insight into the correlation of photoelectrochemical performance to CIS

composition, band structures, and bonding with ligands.?* 2% %

3.2 Experimental

CIS NCs were synthesized using a one-pot solvothermal method that has been outlined
previously.'” Briefly, the NCs were synthesized by combining copper acetylacetonate
(Aldrich Chemical, 97%) and indium acetylacetonate (Aldrich Chemistry, 99.99%) in
benzyl alcohol (Alfa Aesar, 99%); the mixture was heated to dissolve the metal salts,
after which the MPP (Alfa Aesar, 98%) was added along with the thiourea (Fluka,
99.0%). The solution was then heated to 180 °C for 10 mins, and then was allowed to
cool to room temperature. After rinsing with acetone and allowing the NCs to dry, they
were dispersed in acetone at 20 g/L, and dropcast in two 6 pL aliquotes onto a cleaned
fluorine-doped tin oxide (FTO) glass substrate. Photoelectrochemical (PEC)
measurements were carried out in a 0.05 M methyl viologen dichloride (MV**, Aldrich
Chemicals, 98%) solution with 0.1 M KCI (Sigma-Aldrich, 99.0%) as the supporting
electrolyte. A saturated calomel electrode (SCE) was used as a reference, and a Pt coil as
the counter. All three electrodes were submerged in the MV/?* solution in front of a 150
W Newport lamp with an AM 1.5D filter. A shutter between the system and the light
source (which operated at 0.33 Hz) was employed to provide a square-wave light
stimulus to the film during the linear potential sweep. The linear sweep was from 0.0 to -

0.4 V at a scan rate of 5 mV/s using a CHI 832a electrochemical analyzer.
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UV-Vis absorption spectra were carried out using the same NC dispersion as described
previously, and were drop cast onto a glass substrate. The scan was run on a Varian Cary
50 Bio UV-Vis spectrophotometer from 1100 nm to 400 nm. Energy dispersive X-ray
spectroscopy (EDX) was carried out on a Hitachi S-4500 field emission electron

microscope with a Quartz XOne system at Surface Science Western.

A Philips CM 10 transmission electron microscope at the Biotron Institute for
Experimental Climate Change Research at Western was used to carry out transmission
electron microscopy (TEM) measurements.

Powder X-ray Diffraction was done on the two chosen samples using an Inel CPS
Powder Diffractometer with a Cu X-ray radiation (Inel XRG 3000) generator, and an Inel
CPS 120 detector.

XANES experiments were carried out on the undulator based high resolution spherical
grating monochromator (SGM, 111D-1) beamline; the soft X-ray microcharacterization
beamline (SXRMB, 06B1-1); and the variable line space plane grating monochromator
(VLS-PGM, 11ID-2) beamline at the Canadian Light Source.***®* SGM provides a soft X-
ray energy from 250 to 2000 eV with a resolution (E/AE) of >5000, which is suitable for
the N K-edge XANES measurements.®* 3* The S K-edge XANES spectra were measured
at the SXRMB beamline, which has an energy range of 1.7-10 keV, and resolution of
~3000 using Si(111) crystals in the double crystal monochromator.®® The S Ls,-edge
XANES were collected at the VLS-PGM beamline (5 eV -250 eV).*® The samples were
dispersed on a double-sided carbon tape and mounted 45° toward the incident X-ray
beam. XANES spectra at the SGM beamline were obtained in total electron yield (TEY)
mode with the detection of sample drain current, which is surface sensitive due to the
relatively short escape depth of low kinetic energy electrons, and in X-ray fluorescence
yield (FY) mode with a silicon drift detector with < 100 eV energy resolution at the N K-
edge (AMPTEK Inc., Bedford, MA), which is relatively bulk-sensitive. The detector at
the SXRMB beamline in TEY mode measured sample current and in FY mode uses a
silicon drift detector from Bruker, Madison, WI. The TEY measures specimen current

resulting from photoelectrons, Auger electrons, and secondary electrons; while FY
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collects partial X-ray fluorescence from the element of interest (in the case of S: the S K,
fluorescence X-rays with ~ 100 eV energy resolution). In the VLS-PGM, FY is collected
with a multichannel plate. In XANES, the absorption was normalized by the
simultaneously measured incident beam intensity, lo, which was monitored by a refreshed
Au mesh or a nickel mesh placed in front of the sample. All spectra were background

removed and normalized to a flat region of the post edge to unity.

3.3 Results and Discussions

3.3.1 Correlation of Initial Element Ratios to Photoresponse
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Figure 3.1a) Ternary contour plot of the starting atomic percentages of copper,
indium and sulfur for CIS with respect to the PEC measurements; and b) two
sample PEC measurements of NCs that produced high (blue, sample A whose

starting composition is indicated by the circle in the ternary contour plot) and low
(red, sample B whose starting composition is indicated by the rectangle in the

ternary contour plot) photocurrent density.

PEC measurements were used as the foremost measure of the film quality: the larger the
difference between the photocurrent and dark current the better the film.*" %" Over 200
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permutations of starting molar ratios were attempted in order to optimize the recipe for
CIS based on the PEC measurements. The contours in the plot shown in Figure 3.1a
represent the photocurrent density measured from the resulting NCs with all the different
attempted starting atomic ratios. Figure 3.1b shows the PEC measurements of two sample
NC films used for comparison. Sample A (blue) exhibits a relatively large photocurrent
difference which corresponds to the green/blue area highlighted in the circle on the
contour plot, and sample B (red) has a relatively low photocurrent difference which
corresponds to the red area highlighted in the rectangle on the contour plot. The major
difference between these two samples is the initial ratio of Cu:In:S shown in Table 3.1.
The final stoichiometry of the two samples obtained from EDX is depicted in Table 3.1
as well. These two samples were chosen to investigate which qualities of the films can be
associated with the high- and low-photocurrent samples. Both samples began with
indium-rich initial ratios, with sample B being much richer in In than sample A. The final
compositions show that sample A was now indium-poor and sample B was still indium-
rich, and a low Cu/In ratio negatively affects the photocurrent observed from the NCs.
The starting ratios are required to be deficient in copper to prevent copper sulfide

secondary phases forming, which is detrimental to the performance of CIS.% **

Table 3.1 Relative molar ratios of Cu, In, and S before and after NC synthesis

Sample A Sample B
Cu In S Cu In S
Initial 1.0 3.1 4.0 1.0 6.0 8.7
Final 1.0+0.1 0.6+0.1 1.9+0.1 1.0+#0.1 1.5+0.1 3.7%0.1

3.3.2 Determination of CIS Nanocrystal Band Gap

In an effort to correlate the composition of the NCs with their band gap, the optical band

gap of the two samples were investigated using conventional UV-Vis spectroscopy of the
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NC thin films. The band gap was obtained through the use of Tauc plots (Figure 3.2) that

were transformed from the UV-vis absorption spectra using equation (3.1).%®
(hva)? = A(hv — E) (3.1)

Where A is a constant, Eq is the band gap, hv is the energy and a is the absorption
coefficient with the units cm™. Sample A’s band gap (Figure 3.2a) was within the typical
range for CIS at 1.43 eV, while sample B’s (Figure 3.2b) was outside the range at 1.62
eV. The slight increase in the band gap has been previously attributed to the defects and
poor crystallinity.*> 3% To better understand the intrinsic difference between those two
samples other factors — for instance: the presence of secondary phases, as well as the
coordination bonding of the capping ligand — are worth exploring since it has been
previously reported that n-type CIS showed a similar band gap to that of p-type CIS.*!
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Figure 3.2 Tauc plots of a) the high-photocurrent density sample A; and b) the low-

photocurrent density sample B.

The structure of the CIS NCs was determined using XRD as seen in Figure 3.3. The
diffractograms match the standard JCPDS No. 01-085-1575 card for chalcopyrite CIS. As
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we reported recently, the broad peaks of the two samples made determining the presence
of secondary phases impossible for Cu,ZnSnS,.** * Thus, in these systems, XRD alone
cannot determine if the synthesized NCs are secondary phase free. The theoretical sizes
of the NCs can be determined from XRD using the Debye-Scherrer equation shown in

equation (3.2):1" 4

0.914

- B(260)cos6 (32)

where A is the incident X-ray wavelength, B(20) is the full-width at half maximum and ®
is the Bragg angle. The NC range for both samples was determined from two separate
XRD measurements. The low-photocurrent sample (red) had a NC size range of 3.8 to
5.0 nm and the high-photocurrent sample (blue) range was 3.1 to 3.2 nm. This disagrees
with the particle size measured from TEM (Figures S3.1 and S3.2), which were measured
to be 44 £ 7 nm and 48 £ 7 nm for samples A and B, respectively. This is due to the
formation of clusters of NCs in the TEM measurements.*® The clusters in sample B were

often difficult to isolate, and their size distribution was estimated.

Intensity (a.u.)

Figure 3.3 XRD patterns of the high photocurrent sample (blue) and the low

photocurrent sample (red).
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3.3.3  X-ray absorption near edge spectroscopy
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Figure 3.4 Normalized XANES spectra in TEY mode of the sulfur K-edge for the a)
high photocurrent sample A (blue), low photocurrent sample B (red), In,S; (purple),
Cu,S (green) and MPP (black). b) The first derivative of samples A and B.

Figure 3.4a shows the S K-edge XANES of samples A and B together with those of
standard samples for the possible secondary phases in CIS. The data was aligned as
indicated by the lack of deviation in the first peaks in the first derivative spectra of A and
B (Figure 3.4b). The XANES probes the S 3p character of the unoccupied states in the
CB and the local symmetry. If a metal sulfide has pure ionic bonding between the metal
and sulfur, then the S 3p orbital will be full when a formal valence state of -2 is obtained,
and there will not be an intense S 1s to 3p transition. The existence of the intense
absorption peaks (whiteline) in those metal sulfide samples clearly indicates the

hybridization between the metal d orbitals and S 3p orbitals (band formation). The split
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of the whiteline into two peaks (P1 and P2) in CIS could be attributed to the crystal field
splitting; a phenomenon similar to that in the O K-edge XANES of metal oxides, where

the oxygen 2p orbtials hybridize with the crystal field split metal 3d orbitals.*®

Selenium K-edge P1 and P2 peak intensities have been found to be related to the relative
amounts of copper and indium in CulnSe, (CISe) and the Se coordination environment.
4647 C1Se with a threefold coordinated Se and more Cu vacancies shows a higher P1 peak
than that in C1Se with fourfold coordinated Se and less Cu vacancies. Assuming S
behaves similarly with Se, which is often the case in these systems, the more intense peak
P1 in sample B in Figure 3.4a indicates a more distorted tetrahedral S. EDX has proven
that the lower Cu/In ratio in sample B could also cause the enhanced peak P1 as being
observed in CISe.* Similar to that in CISe,*® sample B may have copper vacancies and
indium substitutions in Cu site, antisites (Inc,). As discussed earlier, it is well established
that a copper deficiency results in CIS that shows more n-type characteristics instead of
the expected p-type, which would be detrimental to its performance in the solar cell.** 2
The Incy antisite defect, along with the lack of secondary phases Cu,S and In,Ss, is also
confirmed due to a mismatch of the XANES spectra of the two samples with reference
spectra of the standards of these possible species. This observation strongly indicates that
the synthesized NCs are free of these secondary phases. Meaning the different band gaps
and photoelectrochemistry between those two samples is not due to the effect of
secondary phases, but rather to point defects distorting the crystal structure in sample B.

Another interesting observation is that the XANES of the MPP-capped CIS does not
exhibit any features seen in a free MPP, which indicates strong covalent bonding between
S in the MPP and the metals in CIS. As such, the S in MPP should behave as S in CIS in
the S K-edge XANES, %340
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Figure 3.5 Nitrogen K-edge in FY mode for the high photocurrent sample (blue), the
low photocurrent sample (red) and MPP (black).

The nitrogen K-edge XANES (Figure 3.5) was further explored to understand the
interaction between MPP and CIS. The first peak in the spectra can be assigned to N 1s to
n* state transition of N in the pyrimidine ring. Both CIS samples present this signature
feature that confirms the existence of MPP. Close examination of the spectra of CIS
samples and free standing MPP shows that the n* in sample B shifts to lower photon
energy. Since the absorption edge is sensitive to the formal oxidation state of N, this shift
could link with electron donation from CIS to the pyrimidine ring, and might be due to
the chemical bonding between metals in CIS and S in MPP. In contrast, sample A only
exhibits a shoulder on the lower energy side that broadens the n* peak, while the main
absorption peak stays in the same position as that of free standing MPP (marked by the
vertical line). The difference between sample A and B could indicate the metal-thiol
bonding strength difference in sample B bonds more strongly. Furthermore, both CIS
NCs show a new peak emergence at ~ 400 eV, which is absent in free-standing MPP.
This is the spectroscopic evidence for the existence of chemical bonding between MPP
and CIS. It is possible the strongly bonded MPP on the CIS surface has a high capping
density which induces the formation of dimers,*® which changes the N-C bonding
geometry. Another possibility is the direct pyrimidine ring interaction with CIS;
especially if the ring is parallel to CIS surface.*® The more intense peak at this energy in

sample A indicates a stronger pyrimidine ring-CIS interaction. It is worth emphasizing
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that MPP interaction with CIS could be through the thiol group, the pyrimidine ring, or
both.

Current N K-edge spectroscopy shows that sample A has stronger ring-CIS interaction
but weaker thiol-CIS interaction. More interestingly, the associated electron relocation
between those two types of interactions are different. Thiol-CIS interactions pull
electrons from CIS, while ring-CIS interactions donate electrons to CIS. Therefore the
interaction difference will contribute to the electronic structure difference at the CIS side
especially on the surface. This possibility was confirmed by S L3 ,-edge XANES
presented below in Figure 3.6 where the interaction difference could correspond to
electron loss and stronger N-metal interaction.>® °* Kelly et al. have shown the
appearance of the 400 eV peak broadening, which they attribute to coordinating Cu?*
with adenosine triphosphate, as well as charge transfer from the nitrogen to the metal,

which was the cause of the broadening.>*
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3.3.4  Band structure and bonding interpretation
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Figure 3.6 a) The S L3 ,-edge spectra in TEY and FY modes, where “A” refers to
the high photocurrent sample, “B” refers to the low photocurrent sample and the
capping ligand reference in TEY, MPP, is in black for comparison. b) The first
derivative spectra of samples A and B as well as MPP using the same color codes as

in a).

The S L3 ,-edge encompasses transitions from the S 2ps,.1/» (with the spin orbit coupling
of ~1.1 eV) to the S 3s (dominant) and 3d orbitals. In CIS, this spectroscopy is also
influenced by the In** valence and inner valence orbitals due to hybridization. The
spectra shown in Figure 3.6a have two peaks corresponding to the Lz and L, edges. It is
plausible that MPP interacts with the surface of CIS via the S end, as the edge sharpens
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and shifts to lower photon energy in both A and B. Let us focus on the first peak and
compare the spectral features from the TEY (surface sensitive) with those of the FY (bulk
sensitive). While there is no difference between peak energies in FY mode for the two
samples, those of sample B in TEY mode are lower than the counterparts of sample A,
Figure 3.6. Interestingly, the width of the resonance in FY is comparable to or less than
those of the TEY indicating that there is no saturation effect in these thin samples and the
bulk is more ordered. There is a downward shift in energy for peak 1 from the bulk (FY
mode) to the surface (TEY mode) in both samples, as clearly indicated by the first
derivative spectra in Figure 3.6b. This reflects the shift of the bottom of the CB of S
character relative to the electron energy of the S 2ps/,, assuming the effect of the core

hole is the same for both the bulk and the surface region.

Further examination of the S L-edge XANES in Figure 3.6 shows the same CB position
in the bulk for both samples, while the surface CB bends to the Fermi level by ~ 0.1 eV
in sample A and 0.3 eV in sample B. These were estimated by the onsets of the XANES
that was obtained by the linear extrapolation of the leading S L3 absorption edge as

shown in Figure 3.6.>
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Figure 3.7 Bulk band gap and surface conduction band gap bending for the high

photocurrent sample (A); and the low photocurrent sample (B).

An energy diagram of the band structure for each sample can be constructed as follows:
the band gap values obtained from the Tauc plots in Figure 3.2 constitute the main frames
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of the bands in Figure 3.7 where the top of the VB in the bulk can be determined by
referring to the CB position. The energy for the bottom of the CB in the bulk of samples
A and B is the same level as that determined by S L-edge XANES in FY mode (Figure
3.6). The surface band bending in CB can be visualized to a first approximation,
assuming the TEY is surface sensitive and FY is bulk sensitive.>® The band bending due
to charge neutralization and the truncation of the lattice at the surface followed by MPP-
surface interaction can be constructed from the energy shift in Figure 3.6 and is
illustrated in Figure 3.7. The two samples are depicted in Figure 3.7a (sample A) and

Figure 3.7b (sample B).

The amount of indium in sample B increases the amount of electrons in the system,
making sample B have less p-type character than sample A. At the surface of sample B,
the increased indium content causes surface states that inhibit the photogenerated
electrons from transferring to the MV>* couple due to recombination. A band gap
gradient, however, has been well-established to increase the open circuit voltage (Vo) of
a semiconductor film used in solar cells.>* > This band gap gradient produces an electric
field that aids in pushing photogenerated electrons in the bulk to the surface, increasing
the photocurrent.> Band bending through defects, such as in B, only serves to hinder the
photogenerated electrons. The MPP-CIS interaction is relevant to the difference in
surface band bending between A and B observed here, although the stoichiometric effect
cannot be excluded. While sample B has a larger surface band bending than A (Figure
3.7), the less p-type semiconducting nature (Fermi level moves towards the CB) and
defect states in the band gap might hinder photogenerated electrons in the bulk from

reaching the surface.

3.4 Conclusions

Using XANES spectroscopy, copper-rich CIS NCs that exhibit a high photocurrent
density and copper-poor NCs with a low photocurrent density have been investigated.
XANES provides distinctly different spectral features between good and poor performers.
Both CIS samples are shown to be free of secondary phases, but the sample with a low
photocurrent density had a distorted crystal structure and intrinsic defects. The band gap

was initially measured using conventional methods, which gave the bulk band gaps of
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1.43 eV for the high performance copper-rich (A) film and 1.62 eV for the low
performance copper-poor (B) film. XANES at S L-edge were used to determine the CB
bending at the surface region, which shows a shift in the bottom of the CB position from
the bulk to the surface of the NCs. The shift in sample A with its p-type semiconducting
feature is less dramatic, and would promote carrier collection and prevent recombination.
The large surface band bending in Sample B prevents it from enhancing the photocurrent
due to its n-type semiconducting feature, which makes this bending behave like a shallow
surface state annihilating the electron hole pairs.
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4  Characterization of a CulnS; Monolayer Linked to FTO
by Polarization Measurements and X-ray Absorption
Spectroscopy

4.1 Introduction

Harnessing the sunlight that reaches the earth every day in a cost-effective,
environmentally-friendly manner is no small feat. It requires highly-tuned materials
capable of absorbing light and producing free charge-carriers that can be used to extract
energy. CulnS, (CIS) is a light-absorbing semiconductor that can be used for this purpose
because it has a high absorption coefficient and a direct band gap well suited to the
absorption of the solar spectrum.’® There are a variety of ways CIS can be synthesized,

410 yIfurization of the metals,'* atomic

some of which include: molecular precursors,
layer deposition,*? and nanocrystal (NC) synthesis.™ > ** This work utilizes CIS NCs
synthesized using a simple, low-cost, one-pot technique which uses relatively-low
temperatures, non-toxic conditions, and is performed in ambient atmosphere.**™® It
provides the potential to severely reduce the costs associated with the fabrication of CIS

solar cells, thus making them suitable for commercialization.

The deposition of the NCs is an important step in the fabrication of solar cells, but it is
not always a simple procedure. Achieving high solar cell device efficiency requires a
uniform film devoid of cracks, pinholes, and irregularities.*® Many of the reported
techniques deposit films with a high electrical connectivity to the back contact using

7820 or high temperatures®® in an attempt to achieve those

dangerous conditions
requirements. These measures, however, increase both the financial and environmental
costs of producing the solar cells. Furthermore, research regarding photoinduced electron
transfer at the interface is limited. This work explored a novel method of chemically
attaching the CIS NCs to the back contact using (3-mercaptopropyl)trimethoxysilane
(MPTMS) as a linker molecule. The technique precludes the use of both toxic solvents

and high temperatures.

MPTMS has been employed extensively to attach gold nanoparticles to an indium tin

oxide (ITO) back contact for use in electrochemistry.”* It is a short-chain molecule that
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can attach to a metal oxide via a condensation reaction of its silane end, thereby leaving
the thiol group available to bond to the gold nanoparticles. It has also been previously
shown that the terminal sulfur in MPTMS can attach to copper metal. ** In this work, a
metal oxide back contact — fluorine tin oxide (FTO) coated glass — was functionalized
with the MPTMS and then dipped in a dispersion of CIS NCs that spontaneously attached
to the surface of the FTO via MPTMS’s terminal sulfur group. This study has shown, for
the first time, MPTMS’s capability of adhering CIS NCs to the back contact. The ability
of these monolayers to produce a photocurrent was tested and compared with a CIS NC

thin film on FTO coated glass.

Further characterization of the CIS monolayer in comparison with the CIS thin film
proved to be difficult, as the signal from the monolayer was too low to be detected by
conventional techniques. X-ray absorption near edge structure (XANES) was able to
overcome this issue because it is highly sensitive to local structure and the chemical
environment of specific atoms.3* As we reported elsewhere, the structure of CIS NCs has
been proven to have no secondary phases, and the interactions with the capping ligand
have been shown through the use of XANES.® In this study, XANES was used to probe
the Cu L-edge as well as the S K- and L-edges of both the thin film CIS and the CIS
monolayer to determine if there are any structural differences between the CIS monolayer
and the thin film. XANES was also used to determine if there was a preferred orientation
of the NCs on the surface of the FTO using polarization-resolved experiments.

4.2 Experimental

4.2.1 Nanocrystal Synthesis

The CIS NCs were synthesized using a pre-established one-pot synthesis published
elsewhere.* Briefly, copper acetylacetonate (Aldrich Chemistry, 97%) and indium
acetylacetonate (Aldrich Chemistry 99.99%) were dissolved in benzyl alcohol after
which a solution of 2-mercapto-5-propylpyrimidine (MPP, Alfa Aesar 98%) and thiourea
(Fluka 99.0%) pre-dissolved in benzyl alcohol was added. The elements were in a
starting molar ratio of 1.00:0.99:8.33 for Cu:In:S. The solution was then heated to 180 °C

for 10 mins, resulting in the CIS NCs. The NCs were centrifuged out of the solution and
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washed with acetone and then isopropanol. Finally, the NCs were centrifuged out of

solution and allowed to air dry.

4.2.2  Nanocrystal Monolayer and Film Deposition

The procedure for the functionalization of MPTMS (Aldrich Chemicals, 95%) on ITO %
27.32°35 \vas adapted to FTO. Briefly, cleaned FTO glass was placed in a vial containing 1
vIiv% of MPTMS ethanol solution for 12 hours. It was then rinsed with ethanol and
allowed to air dry. The MPTMS-FTO glass was then placed in a stirred dispersion of 2
g/L CIS NCs in isopropanol for 24 hours. For comparison, CIS thin films were fabricated
by drop casting two 6 pL drops of a 20 g/L CIS NCs dispersion in isopropanol onto a 10

mm? area of cleaned FTO coated glass substrates.

4.2.3 Characterization

Photoelectrochemical measurements were carried out as published elsewhere* 1°

using a
saturated calomel reference electrode and a platinum counter electrode in a solution of
0.05 M methyl viologen dichloride (MV?*, Aldrich Chemicals, 98%) and 0.1 M
potassium chloride. The working electrode was the CIS NC film or monolayer FTO
substrates described above. A square wave light stimulus at a frequency of 0.167 Hz from
a 150 W Newport lamp with an AM 1.5D filter and an electronic chopper was applied in
conjunction with a linear potential sweep from 0 V to -0.4 V at a scan rate of 5 mV/s
using a CHI 832a electrochemical analyzer. SEM images were performed on a Hitachi S-
4500 field emission microscope (Toronto, ON). Contact angle measurements were

carried out on a Kriiss DSA 100 (Matthews, NC) using 2 puL drops of water.

XANES measurements were carried out at three beamlines at the Canadian Light Source
in Saskatoon, SK. The beamlines are the high resolution spherical grating
monochromator (SGM, 111D-1), the soft X-ray microcharacterization (SXRMB, 06B1-1)
and the variable line space plane grating monochromator (VLS-PGM, 111D-2). The SGM
beamline provided soft X-ray energy from 250 to 2000 eV with a resolution (E/AE) of
>5000 that was used for the Cu L-edge measurements.*® SXRMB had an energy range of
1.7-10 keV and a resolution of ~3000 using Si(111) crystals in the double crystal

monochromator and was used for the S K-edge.*” Finally, the energy range for the VLS-
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PGM was 5-250 eV for the S L-edge detection.® The samples were all mounted at 45° to
the incident X-ray beam at all three beamline terminals. TEY was used at both the SGM
and SXRMB beamlines, and measures the drain current from the samples, which consists
of photoelectrons, Auger electrons, and secondary electrons. Fluorescence yield (FY) was
collected using a channel plate detector at the VLS-PGM beamline. A Si drift detector
from Bruker, Madison WI was used for FY measurements on the SXRMB and SGM
beamlines. The XANES measurements were normalized by simultaneously measuring
the incident beam intensity (l,), which was monitored by a refreshed Au or Ni mesh
placed in front of the sample. All spectra had the background removed, the energy
corrected, and were normalized by taking a flat region in the pre-edge and post edge and
setting it to zero and unity respectively. While TEY mode is more surface sensitive due
to the short escape distance of low kinetic energy electrons, FY mode is bulk sensitive.

4.2.4 Polarization Measurements

The polariation dependent measurements were conducted at the SGM beamline at the
CLS. The initial setup is shown in Figure 4.1 , which is a schematic of the starting
position of the sample. The sample is mounted so the X-ray beam hits it at a 45 ° angle
and the X-ray beam corresponds to the y-axis in the figure. This angle is shown in red in
the figure. There are four detectors surrounding the sample. The direct path from the
sample to the detector is shown in dashed line to help with visualization. Detector 1 is
along the x-axis, which is 90 ° from the X-ray beam and is directly above the sample.
Similarly, detector 3 is 90 ° from the X-ray beam, but along the z-axis. The right angles
for these two detector paths are shown in the figure in blue. Detector 2 is in the x-y plane
and is at 45 ° with the beam while detector 4 is in the y-z plane and is also 45 ° from the
beam. The sample is then rotated around the y-axis (or around the incident beam) toward
detector 3 and 4 such that the angle between the incident X-ray beam and the sample does
not change, but the angles between the sample and the detectors do. The sample was
rotated to 23, 45, 67, and 90 degrees relative to its starting position. In fact, the rotations
changed the incident polarization from O (parallel) to 90 ° (vertical) relative to the sample
plane. In this way, the sample rotation is equivalent to changing the beam polarization via

an elliptically polarizing undulator as reported by Arnold et al for Al complex
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orientations.* In the final position (90 to its starting position), detector 3 is now directly
above the sample and detector 1 is in the same plane as the sample. FY spectra were

taken at each rotation.

W

! z ///
: /&
! S A a
~-Sample < &K z 9 7
, 2 g
' sample
3 B rotation axis

%5

M -

X-ray Beam

Figure 4.1 Experimental schematic for the angular-dependent measurements

4.3 Results and Discussions

4.3.1 CIS Monolayer Linked to FTO

A procedure for attaching CIS NCs to the surface of FTO has been adapted from the
silanization of ITO with MPTMS to attach metal nanoparticles to surfaces.? 27 32-3% 40-42
The attaching/linking mechanisms are highlighted in Figure 4.2. This process first
involves the hydrolysis of one methoxy group resulting in a Si — O bond, which
subsequently — through condensation — attaches to the FTO surface. There is some
variation in the literature over exactly how the MPTMS attaches to the surface (it is
through either crosslinked Si — O bonds or a single Si — O bond) so both extremes are

shown in Figure 4.2 A and B.?> 2 28:41.43.44 pagardless, this procedure creates a thiol
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terminated monolayer over the FTO.
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Figure 4.2 Attachment of the linker and the CulnS; to the surface of the metal oxide
via single Si — O bond (A) or multiple Si — O bonds (B).

There have also been various studies on the orientation of the MPTMS molecules at the
surface. Previously, angle-dependant X-ray photoelectron (XPS) studies have determined
that the MPTMS film can have a minor amount of polymerization and some variation in
the orientation of the MPTMS on the surface , which would change the head group (a
methyl group instead of the thiol), however it is generally uniform. *° In an effort to
determine the coverage of the NCs, contact angle measurements were performed. The
contact angle was 38 + 8° for the FTO alone, and 18 * 4° for the MPTMS coated FTO.
The surface is more hydrophilic with the MPTMS on it. The thiol group might decrease
the contact angle because of its hydrophilic nature. The lowered contact angle with the
MPTMS suggested that there are many thiol head groups.

The thiol groups can attach to the CIS NCs and form a CIS NC head monolayer on the
FTO. As previously mentioned, this method is most often used to attach gold
nanoparticles to an ITO surface for use as an electrode for electrochemistry.?® 24 22743
.48 It has been demonstrated in this work, for the first time, that MPTMS linked to a
FTO surface can be employed to attach CIS NCs for use in photoelectrochemistry. The
short carbon chain of MPTMS allows for electron transfer via tunneling.”> MPTMS has a
significantly lower tunneling energy barrier (2 to 2.5 eV) than that of longer alkyl chains,

which makes it a good candidate to attach CIS NCs to the FTO surface.”
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4.3.2 Photoelectrochemical Measurements

The PEC measurements for the CIS monolayer and the drop cast CIS are shown in Figure
4.3. Figure 4.3A is the PEC measurement of the linked CIS (L-CIS), Figure 4.3B is the
PEC measurement of the FTO without MPTMS that was dipped in a CIS dispersion (NL-
CIS), and Figure 4.3C is the PEC measurement of drop cast CIS (DC-CIS) NC films with
a thickness of 1 to 2 um. The photocurrent density range for each sample is 3.49 to 13.3
nA/em?, 0.634 to 2.06 pA/cm?, and 13.3 to 14.5 pA/em? for L-CIS, NL-CIS and DC-
CIS, respectively. The NL-CIS in Figure 4.3B had a very small photocurrent density
indicating that some CIS NCs may adhere to the surface of the FTO due to its roughness,
but without a linker molecule there is nothing securing the NCs to the FTO. The L-CIS
current density difference is on the same order of magnitude as that of the approximately
1 um DC-CIS film sample. This is remarkable because the L-CIS uses significantly less
material than the DC-CIS and yet a similar photocurrent is obtained.
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Figure 4.3 PEC measurements in a 0.05 M MV?* of A) MPTMS linked FTO with
CulnS; B) FTO without MPTMS after being dipped in CulnS; and C) 1-2 pm thick

CulnS; film.

One feature of the PEC measurements is that at higher negative bias the L-CIS and NL-

CIS voltammagrams have a dark current that increases with time. This can be explained

by the high negative bias pushing more electrons through the film or the partial coverage

of the CIS over the back contact. A lack of full coverage of the CIS (due to a methyl head

group rather than a thiol head group) would cause the back contact to be exposed to the

MV?*. The FTO could then transfer electrons directly to the MV/**, and cause the rise in

dark current observed at more negative potentials.
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The shape of the photocurrent transients offers an explanation as to the cause of the high
photocurrent observed from the L-CIS. Square oscillations are observed for the L-CIS
and NL-CIS (Figure 4.3A and B) with a steady rise in the photocurrent upon illumination.
This can be explained by Figure 4.4 and equations (4.1) through (4.5). In the first step of
Figure 4.4, the incoming light creates an electron hole pair which is found in equation
(4.1). This photogenerated electron/hole pair then either immediately recombines
(equation (4.2)) leading to no photocurrent, or the electron and hole separate (equation
(4.3)) and the reaction proceeds to step 2 in Figure 4.4. In this step, the electron reduces
the MV?* to MV* causing the current that is observed in the PEC measurement (equation
(4.4)), or it can undergo recombination (equation (4.5)) which detracts from the
photocurrent. If product separation does occur, the photogenerated hole is then filled
through electron tunneling with an electron from the FTO which is under negative bias.

Electron tunneling is possible due to the short length, 0.8 nm, of the MPTMS molecule.?®

CIS 5 ClSe s (4.1)

CISu_ s S CIS (4.2)

CIS,_ + MV S [MV* - IS, (4.3)
[MV* - CIS |yt 5 CIS + MV* (4.4)
[MV* - CIS,_Jins + CIShs <3 CIS + MV2* (4.5)

The kg and kps are the recombination and product separation rates, respectively. Their
relative ratios can be observed qualitatively in the PEC measurements in the shape of the
photocurrent rise and decay.*” *® The initial sharp rise in current observed in all the PEC
measurements is due to the injected photons causing a surge of electrons available to
couple with the MV?*. The square oscillations of the L-CIS and the NL-CIS indicate a

large kps/Kg ratio.*® The CIS monolayer has a decreased number of traps and other



58

opportunities for the photogenerated electron to be lost. This increases the amount of
electrons available to be scavenged by the MV**, which increases the kps rate to much
larger than that of kg. The photocurrent also does not show a negative overshoot when the

light is switched off, which again suggests a small recombination rate.

In the PEC measurement of the DC-CIS (Figure 4.3C), a different phenomenon was
observed: after the initial surge, the current slowly rises and never plateaus. This signifies
that slow charge carrier diffusion is the dominant process.*® *° The electrons that are
generated deeper in the film upon illumination take time to reach the surface to react with
the MV/?*, which increases the likelihood of them being lost in traps and holes. This
overall decrease in available photogenerated electrons would be reflected in a smaller
kps/Kg ratio and the slow rise in the photocurrent, as described in the intensity-modulated

photocurrent spectroscopy reported elsewhere.*®

The L-CIS film would be producing the same amount of photogenerated electrons at the
surface as the bulk film. The high photocurrent is the result of very few electrons being
lost to recombination or traps as they can be readily scavenged by the MV (Figure 4.4).
The photogenerated electrons are collected more effectively in the L-CIS/MV?* system

which makes the L-CIS promising for fabricating high efficiency solar cells.
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Figure 4.4 Schematic demonstration of the PEC measurements of the CIS
monolayer with MV?*1) An incoming photon creates an electron hole pair in the
CIS that is linked to the surface of the FTO with MPTMS; 2) The photogenerated
electron reduces the methyl viologen and the photogenerated hole is filled with an
electron from the FTO.

4.3.3 X-ray Absorption Near-Edge Structure (XANES)

Elucidation of the structure of the CIS monolayer was carried out to further determine if
there were any changes to it — or other important characteristics — that caused the
increased photocurrent. Synchrotron radiation provided a convenient method of
characterizing the structures of the CIS NCs, the MPTMS, and the CIS head group, due

to its sensitivity to changes in the local electronic environment.

4.3.3.1 Sulfur

In the structure of the one-pot synthesis CIS NCs, there are two different sulfur atoms
involved: the sulfur directly in the chalcopyrite CIS structure and the sulfur present in the
capping ligand, MPP. The bonding of the MPP to the CIS NCs was previously
determined to be through the sulfur atom.*® The MPTMS in the L-CIS adds yet another
sulfur atom to the system: the thiol group on the end of a short aliphatic chain meant to
bind the CIS NCs to the surface. The MPP and MPTMS linked to FTO are shown along
with the L-CIS spectra for comparison when possible.
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Figure 4.5 The sulfur L3,2-edge of CIS linked to FTO with the MPTMS (purple)
spin coated CIS (black) and the capping ligand, 2-mercapto-5-propylpyrimidine
(red).

The S L3, edge for the L-CIS, DC-CIS, and MPP are depicted in Figure 4.5. The Lz and
L, peaks occurred at 163.5 eV and 164.6 eV for both L-CIS (purple) and for DC-CIS
(black). These peaks represent the electron transitions from the S 2ps, and 2p;/, orbitals
to the S 3s and 3d orbitals, with some contribution from In®" due to hybridization.'® The
two peaks for both the L-CIS and DC-CIS are, characteristically, 1.1 eV apart, and not
very intense because this energy range removes shallow electrons. The peak positions
and the lack of peaks in the 166 to 183 eV range confirm the oxidation state for sulfur as
-2 for the L-CIS and the DC-CIS.* In the L-CIS spectrum there is also a broad peak at
166.5 eV, which corresponds to the contribution from the capping ligand (MPP, the red
trace in Figure 4.5). The spectrum of MPTMS linked to the FTO without the CIS NCs
could not be obtained due to low signal.

The conduction band can be determined using the linear extrapolation of the leading L3
absorption edge back to the x-axis.'® *! The extrapolations are shown in grey on both the
L-CIS (purple) and the DC-CIS (black) in Figure 4.5. These give values of 162.5 eV for
the L-CIS and 163.5 eV for the DC-CIS. This means that there is a conduction band shift
down by 1 eV in the L-CIS compared to the DC-CIS. The lowered conduction band is
due to electron donation from the sulfur atom on the MPTMS to the CIS NC. The
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MPTMS is not formally bonded as there are no major deviations between the DC-CIS

and L-CIS spectra. The sulfur does donate electron density to the CIS NC.

The lowered conduction band can also explain the features from the PEC measurements.
The conduction band of the L-CIS will lie closer to the energy band of the MV?*. When
they are in contact, the band bending that occurs is less than that of the DC-CIS. The easy
band-bending makes the charge separation of the photogenerated electrons more
efficient. This would be reflected in the increased kps/kg ratio, and thus the square

oscillations were observed.
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Figure 4.6 The sulfur K-edge of the CIS linked to the FTO (purple), the MPTMS
linked to FTO (green) and the capping ligand 2-mercapto-5-propylpyrimidine (red)
for A) TEY mode and B) FY mode * denotes a sulfate peak present in the glass

substrate.

The S K-edge spectra of L-CIS, MPTMS linked to FTO, and MPP alone are presented in
TEY mode (Figure 4.6A) and FY mode (Figure 4.6B). All spectra had an intense
absorption edge at 2472 eV. There is a 2 eV blue shift the for L-CIS peak in comparison
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with that for the CIS NCs as we reported previously.™ This is due to the significant

contribution to the spectrum from the MPTMS linker molecule.

The S K-edge for CIS involved probing the unoccupied 3p states in the conduction
band.'® The intense absorption edge that is observed in the spectra is indicative of
hybridization between the metal d and S 3p orbitals. This means a formal oxidation state
of -2 for sulfur was confirmed.** *®*° The L-CIS (purple) absorption edge is split into
two smaller peaks for both FY and TEY which are labelled P1 and P2 in the figure. The
split in the whiteline (absorption edge) in both the L-CIS and MPTMS on FTO can be

attributed to crystal field splitting.'® >3

Sulfur — in the -2 oxidation state in CIS — is in a tetrahedral arrangement which is subject
to crystal field splitting. A distortion of the tetrahedral arrangements, or local defects in
the structure, would cause an alteration of the electron density surrounding the sulfur
which would manifest as a change in the P1 and P2 intensities. A change in the
coordination number (CN) around the sulfur would change the specific electron density
around the sulfur atom and could be causing the whiteline split.>® There is a small
increase in the intensity in the TEY P1 peak compared to the FY P1 peak. This shift in
intensity is indicative of a small distortion in the tetrahedral arrangement of the sulfur in

at the interface, a lower CN on the sulfur, or both.

The MPTMS linked to FTO (green) has a large increase in intensity when going from FY
to TEY. The peak is sharper in the surface sensitive TEY mode because the terminal
sulfur atoms may only have a CN of 3 or there is a distortion in the atoms surrounding the
sulfur. The split in the MPTMS spectrum (green), which is less pronounced in the TEY
mode, suggests fewer S—H bonds at the surface. Regardless, when the CIS is introduced
to the system, any indication of an S—H bond disappears leaving sulfur in the -2 oxidation
state, but now associated with a metal. The L-CIS exhibits very little structural change
compared with the S K-edge of bulk CIS that has been obtained previously.*® The

structure of CIS is conserved when it is present in the monolayer.

The peak that appears at approximately 2480 eV (marked with an asterisk) in the FY and
TEY spectra of the MPTMS is attributed to oxidized sulfurs in the form of sulfates. >* >
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The oxidized sulfur peak is caused by impurities in the glass itself rather than being
present in the L-CIS layer. S K-edge scans were performed on unaltered FTO glass (Sl
Figure S4.1). These TEY and FY spectra also have a peak at ~2480 eV, which is

confirmations that this peak is due to sulfates in the glass.>* *°

4.3.3.2 Copper

The Cu L-edge spectra for the DC-CIS and the L-CIS are displayed in Figure 4.7 in TEY
(Figure 4.7A) and FY (Figure 4.7B) modes. The whiteline for both modes occurred at
932.5 eV. The absorption edge energy for all four spectra indicate that copper is present
as Cu(1) which agrees with previous studies done on the CIS NCs.** °®*® This fact is
further confirmed by the absorption edge occurring at a relatively high energy and the
lack of a significant peak at 930 eV.>* % There is, however, a very small pre-edge peak at
approximately 930 eV in all four spectra. The copper L-edge involves the transitions of
the electrons in the 2p state to the vacant 3d orbitals.”® ® Since Cu(l) has a filled d shell,
no peaks should appear before the edge, as no transitions into the d band are possible.
These small peaks are due to the copper in chalcopyrite showing a mix of d*°and d°
characteristics.”® % ® Previous studies have confirmed that there is no Cu(ll) present in

the CIS NCs,** thus the observed d° character is due to dipoles from local crystal defects.

The TEY L-CIS spectrum matched closely with that of the DC-CIS, with the exception of
broadening in the FY spectrum. The broadening of the FY spectrum in the DC-CIS
compared to the L-CIS is due to the thickness of the DC-CIS, which would increase self-
absorption, thereby broadening the peak in the FY spectrum. Otherwise, this, combined
with the sulfur edges, is concrete proof that the structure of the CIS is conserved in the

monolayer.
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Figure 4.7 Cu Lz-edge measurement of bulk CIS (black) and CIS linked to FTO
with MPTMS (purple) in A) TEY mode and B) FY mode.

4.3.3.3 Angular Dependent Measurements

The FY spectra obtained from the four detectors at the starting position of the sample as
described by Figure 4.1 are displayed in Figure 4.8. The intention of these experiments
was to probe the polarization dependence of the CIS NCs attached to the surface of FTO
with MPTMS. Molecular orientation experiments have previously been performed on

2 and a system with a CN adsorbed on the surface of Pt.%

semiconducting polymers,®
The incident X-ray beam is horizontally polarized due to the highly collimated nature of
synchrotron radiation and as such can be used to determine if the CIS NCs have

polarization dependence, based on their orientation. The four spectra in Figure 4.7
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display identical features, because the four detectors are measuring the same unpolarized

fluorescence from various positions. Different spectrum intensities can be observed.
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Figure 4.8 Cu L-edge FY measurements at the starting position of the angular-
dependent measurement set up for a) detector 1, b) detector 2, ¢) detector 3, and d)

detector 4.

If the NCs were all in the same orientation their atomic orbitals would align. These
alignments would pervade the film and would be reflected in shift in the absorption edge.
If the incident X-ray beam’s polarization is aligned with the orbitals it would cause the
FY signal to blue shift as the electrons are held more tightly due to the interaction
between the electric field produced by the beam and the one in the atomic orbital causing
them to rise in energy. This phenomenon can be described by using the analogous system
of crystal field theory. In the case of a metal with an octahedral arrangement of the
ligands, the metal d-orbitals that lie on the axis increased in energy due to an increased
repulsion from the ligand electron density. In this system, the incoming polarized X-ray
beam acts like the ligand. When it is aligned with the atomic orbitals of the copper, it
causes the orbital energies to increase due to the repulsion of the electric field of the

beam. This would manifest in the FY spectra as a blue shift in the white line energy as it
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would take more energy to remove the electrons.®® In order to determine if there is
polarization dependence in the monolayer, the FY spectrum would change when
polarization of the X-ray beam is changed by 90 ° relative to the sample. The sample was
therefore rotated in three increments between 0 ° and 90 ° around the axis of the beam.

The FY spectra for the four rotations are shown in Figure 4.9. In the case where all the
molecular orbitals of the CIS NCs were aligned throughout the entirety of the film, a shift
in the Eo would be observed. However, no shift in any of the absorption edges from any
rotation/polarization is observed. There are several explanations for this observation. The
first might be a lack of alignment in the molecular orbitals. If the orbitals were all
oriented randomly, then the signals would all average out and no polarization dependence
would be observed. The lack of shift could also arise from electrons from the ligand (in
this case sulfur) filling the X-ray ejected electron hole on the copper (rather than an
electron from the copper itself) through shake down transitions. ® In such a case,
regardless of the orbital alignment with the beam, electron-transitions would occur
throughout the film and cause a delocalized fluorescence. This would result in
broadening the signal, and obscure any shifts due to angular dependence.

Finally, the copper in CIS is in a tetrahedral arrangement and the incoming polarized X-
ray beam may interact with more than one orbital. The contributions from the combined
orbital interactions would also serve to alter the peak in a more additive way, and obscure
individual angular-dependent signals. It is therefore likely that the NCs are either oriented
randomly and there is no polarization dependence or individual orbital angular
dependencies exist, but are obscured by the competing angular dependencies of other

orbitals within the film.
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Figure 4.9 Cu L-edge FY measurements at four different angles relative to the
starting sample position for angular-dependent measurements for a) detector 1, b)
detector 2, ¢) detector 3 and d) detector 4.

4.4 Conclusion

CIS NCs were successfully — and for the first time — linked to the FTO surface using
MPTMS. The PEC measurement from the L-CIS demonstrated a photocurrent on the
same order of magnitude as that from a much thicker drop-cast CIS film. The
photogenerated electrons produced in the monolayer were more effectively scavenged by
the MV/?* as there was less opportunity for them to recombine or be lost to traps in the
film. The sulfur in the MPTMS donated electron density to the CIS head group which
lowered the conduction band making charge separation more favourable, and increasing
the product separation rate. The XANES studies confirmed that the structure of the CIS
NCs is conserved. The polarization-dependent XANES of the Cu L-edge suggested that

there is possibly no preferred orientation of the NCs linked to the FTO surface.
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The CIS monolayer that is chemically attached to the FTO surface is a good model to be
incorporated into full devices to understand losses due to recombination from cracks and
pinholes possibly present in a thicker film of CIS. It will dramatically reduce the material
costs associated with solar cells, and has the potential to be scaled up. The NC dispersion
requires no additives that need to be removed, and no toxic conditions are employed. This
new monolayer shows great promise in making the commercialization of CIS solar cells a

reality.
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5  Effect of Annealing on the Photoelectrochemical
Behaviour of CulnS;, Nanocrystal Films

(A version on this work is presented in Journal of Electrochemical Society. Tapley, A.;
Hart, C.;Vaccarello, D.; Love, D. A.; Ding, Z.; J. Electrochem. Soc. 2014, 161, H725-
H729)

51 Introduction

The demand for a renewable, cost-effective, green energy source is constantly increasing.
Solar energy has the potential to aid in meeting the demand if the cost of solar cell
fabrication can be kept down without sacrificing efficiency. Inorganic thin-film based
photovoltaics may be able to overcome the high cost of their silicon counterparts while
maintaining a comparable efficiency.® One such material is CulnS, (CIS) which is under
investigation here. It has a high absorption coefficient (10° cm™), an optimal band gap of

approximately 1.5 eV, and has shown laboratory efficiencies as high as 12 %.*°

CIS devices with higher efficiencies often require the nanocrystals (NCs) to undergo a
high-temperature treatment at roughly 500 °C; often accompanied by a H,S atmosphere.
"% These procedures not only increase the energy input required to manufacture solar
cells and drive up the monetary cost of the devices, but are also hazardous to implement.
Work is being done to remove these steps while preserving efficiency, but it appears the
annealing step may be unavoidable. *® Solution-based processing such as inks and
precursor solutions are being employed to keep the sulfur content high. > ° However, it
often necessitates the high-temperature annealing step, which requires an inert

atmosphere, a H,S gas flow, a Schlenk line, and/or toxic solvents.* > °

Annealing is such an ingrained step in CIS device making that it is often not a topic of
discussion, but rather an accepted practice. The cost of the CIS absorber layer could be
reduced by either lowering the annealing temperature or removing it completely.>*! CIS
NCs were synthesized here using a one-pot method that involved no post processing
other than an acetone rinse,*? but one cannot disregard the benefits of a high temperature

treatment. Removing the capping ligand, impurities, and/or increasing crystallinity of the
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CIS might benefit the device efficiency.™® Annealing the NCs, although expensive in
industry, may be a necessity if it increases the photocurrent of the absorber layer
significantly. This study explored the effects of annealing based on photoelectrochemical
(PEC) measurements. The CdS buffer layer is typically added after annealing because
temperatures above 300 °C will degrade optical properties.™* The addition of the CdS
buffer layer along with the annealing on the photoconversion of the NC films was also

investigated.

The surface morphology, crystallinity, and elemental ratios were inspected using
scanning electron microscopy (SEM), thin film X-ray diffraction (XRD), energy
dispersive x-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS).
Intensity modulated photocurrent spectroscopy (IMPS) was used to investigate the
relative photoreaction rates.

5.2 Experimental

CIS was synthesized using the previously reported one-pot synthesis.*? Briefly, the metal
precursor salts were copper(ll) acetylacetonate (97%, Sigma-Aldrich, St. Louis, MO) and
indium(I11) acetylacetonate (99.99%, Sigma-Aldrich, St. Louis, MO) in a molar ratio of
0.98 Cu/In. Thiourea (99.0%, Fluka, Mississauga, ON) was the source of sulfur with a
molar ratio of 8.5 S/Cu. The capping ligand 2-mercapto-5-propylpyrimidine (MPP, 98%,
Alfa Aesar, Ward Hill, MA) was added in a ratio of 3.31 to Cu. The CIS NCs dispersion
in acetone was dropcast onto a 10.02 mm? area of a conductive substrate in two 6 pL

drops allowing for the dispersion to dry in between drops.

CdS was deposited on the CIS NC film via chemical bath deposition. The bath employed
was based on a previous method.™ It involved 1.5 mM CdSO, (Fischer Scientific, Fair
Lawn, NJ), 1.5 M NH,OH (Caledon, Georgetown, ON) and 7.5 mM thiourea in water.
The CdSO,4 and NH,OH were stirred for approximately 30 mins at room temperature,
placed in a 60 °C bath, and allowed to heat for 5 mins before the addition of thiourea.
After allowing the solution to react for 8 mins, the NC films on indium tin oxide (ITO)
were lowered into the bath for 8 mins. The resulting film was gently rinsed with DI water

and allowed to air dry.
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PEC measurements were carried out by immersing the conductive substrate coated with
the NC film in 0.03 M methyl viologen (MV?*) dichloride, (Sigma-Aldrich, 98%) and 0.1
M KCI (Sigma-Aldrich, 99.0%) solution. A saturated calomel electrode and a platinum
coil were used as the reference and counter electrode, respectively. The light source was a
150 W Newport lamp with an AM 1.5D filter. A ThorLabs SC10 shutter was used to
produce a square wave light stimulus to the system. Electrochemistry was performed
using a CHI 832a electrochemical analyzer. A linear potential sweep was applied from
0.0 to -0.4 V at a scan rate of 5 mV/s.** ©°

CIS NCs dropcast onto ITO, molybdenum glass, or plain glass were annealed using a
Thermoscientific Lindberg Blue M Tube Furnace under an inert argon atmosphere. XRD
patterns of the NC films drop cast on plain glass were obtained using an Inel CPS Powder
Diffractometer with an Inel XRG 3000 Cu X-ray generator, and an Inel CPS 120
detector. IMPS was performed on the film in a similar electrochemical cell as in the PEC
measurements using an IVIUM CompactStat instrument and a 4.0 V IVIUM ModuL.ight
light source (LED), which emitted 488 mW white light with a frequency sweep from
10000 Hz to 0.01 Hz. SEM was performed using a Hitachi S-4500 field emission
microscope with an EDX system at 10.0 kV. The CIS NCs were placed in a vacuum oven
at 60 °C for four hours, and the thermogravametric analysis (TGA) was carried out in a
nitrogen atmosphere using a Mettler Toledo TGA/SDTAB851° analyzer with a temperature
sweep from 25 to 500 °C at a rate of 10 °C/min.

5.3 Results and Discussions

Our previously optimized recipe and synthetic strategy of CIS NCs involved no post-
processing and only employed an acetone rinse as a means of removing impurities.*? This
produced a material that showed a relatively large photocurrent. Annealing was avoided
in an effort to reduce the costs of possible industrial fabrication. However, upon
annealing, NCs produced a film with a significantly higher photocurrent. It may be
worthwhile for the annealing to be included as a post-processing step.
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Figure 5.1 Photoelectrochemical measurements in 0.03 M methyl viologen of
annealed CIS NCs films at a) unaltered, b) 250 °C, c¢) 300 °C, d) 350 °C, ) 400 °C
and f) 500 °C.

The optimal annealing temperature was investigated by heating samples in 50 °C
intervals between 250 and 500 °C (Figure 5.1). The effect of the heat treatment on the
quality of the NCs was judged using PEC measurements. A large difference between the
dark current and photocurrent was the deciding factor on what conditions were beneficial
for the NCs. The NCs were synthesized, dispersed in acetone, and dropcast on to ITO
glass or molybdenum coated glass. There was a photocurrent enhancement at 250 °C (as
shown in Figure 5.1) from 0.03 mA/cm? to 0.08 mA/cm? at -0.13 V. After this initial
increase the photocurrent decreased with increasing temperature. The literature value for
a CIS NC film using the same PEC measurement technique described here puts the
photocurrent density at -0.13 V as 0.05 mA/cm?.® Photocurrent was still produced by the
films annealed at 300 and 350 °C, but the photocurrent density was less than that
produced by the unaltered film. CIS films annealed at temperatures above 350 °C
produced no photocurrent in the PEC measurement. The decreased photocurrent at
temperatures above 300 °C is contradictory to those in other reports where temperatures
ranging from 400 to 550 °C were used.® *° In fact, it was reported that heat treatment
was needed to remove carbon impurities, increase crystal size, and sinter (or in some
cases actually form) CIS from a mixture of individual salts.* ** " The removal of the

oleyamine (OLA) capping ligand used in typical syntheses is largely the reason why
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annealing was employed. OLA is an insulating ligand, but it caps the NCs to produce
and facilitate in size control.® Its removal is integral to achieving a worthwhile
efficiency.® * The synthesis used by Ye et al. involved an oxygen-free atmosphere, OLA
as a capping ligand, temperatures of 240 °C to form the NCs, and annealing temperatures
of 400 °C to remove the OLA. The one-pot method utilized here, however, used a
different capping ligand: MPP. This relatively short-chain ligand contains a pyrimidine
ring and an exposed sulfur atom, which can coordinate to the surface of the NCs.*® It has
previously been postulated that the pyrimidine ring in the MPP helped to facilitate
electron transport in the material, which renders its removal unnecessary.** ** In light of
the annealed CIS PEC measurements, it is apparent that not only is the removal of MPP
not necessary, but actually detrimental to the quality of the materials. This may be due to
the incomplete degradation of the organic material leading to increased surface
resistance.’ The one-pot synthesis produced NCs with photocurrent densities that are
similar to that of Ye et. al. while avoiding high-cost techniques that were used to produce

their films.
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Figure 5.2 IMPS at open circuit potential of a) the unaltered film and b) the film
annealed at 250 °C

Photocurrent enhancement was not the only positive effect annealing had on the CIS
films. IMPS was used to investigate the relative rate constants associated with the
recombination or separation of the photogenerated electron. Based on the recombination
rate (k;) to product separation rate (kps) ratio, a full circle is seen for a very high k., a
semicircle for a high kps, and a spiral for ratios in between.'® IMPS of the unaltered and
annealed films at open circuit potential are shown in Figure 5.2 and indicated that
annealing severely reduced the film’s recombination rate. The unaltered film has an
intermediate k./Kys value, whereas the annealed film has a very small k./kps value. Not
only did annealing at 250 °C increase the photocurrent, but also the favourability of the

photoreaction rates between the film and the electrolyte.
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Figure 5.3 Thermogravimetric analysis of a) the capping ligand MPP and b) CIS

The relationship between MPP loss and temperature was investigated further to give
insight into why 250 °C was the optimal temperature. The TGA results shown in Figure
5.3a is the analysis of MPP alone. The mass loss began slightly above 200 °C and ceased
just above 250 °C. The significant mass loss onset corresponds to the melting point of
MPP (207-211 °C). These results do not initially correlate with the PEC-measurement-
determined optimal-annealing temperature of 250 °C, as all the capping ligand (and its
associated benefits) would be gone. The TGA of the one-pot CIS was performed to
investigate the stability of the MPP-capped NCs during the heat treatment and can be
seen in Figure 5.3b. The overall mass loss was 14 %, and the start of mass loss for the
NCs began around 208 °C, which also corresponds with the melting point of MPP. The
loss was over a larger temperature range than that of MPP alone suggesting that MPP’s
interaction with the NCs may provide stabilization at higher temperatures. Loss of some
MPP is inevitable at temperatures higher than its melting point although its interaction
with the CIS NCs may slow its loss, especially at the lower optimal annealing
temperature determined here. The annealing temperature of 250 °C does cause some

MPP loss, but balances it out with other benefits that will be described later.
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Figure 5.4 XRD of the CIS NC films a) JCPDS card No. 01-085-1575 for CIS b)
unaltered, c) 250 °C, d) 300 °C, e) 400 °C, f) 500 °C.

The loss of MPP was also investigated with XPS and EDX. The respective surface and
bulk sensitive techniques were used to probe the elemental composition of the films. The
results of the nitrogen and carbon content determined by both EDX and XPS are listed in
Table 5.1. The Cu, In and S ratios all remained similar. Nitrogen content was probed
because it is exclusive to MPP. A loss of MPP in the bulk is supported by the roughly
linear drop in the carbon weight percent revealed by the EDX results as the annealing
temperature was increased. Similar trends are seen in the nitrogen and carbon content at
the surface. The carbon content at the surface was larger than in the bulk because of the
air contaminants; another reason why carbon was not solely used to track the MPP
content. The surface carbon on an NC film that exhibits photocurrent remains roughly the
same, while the nitrogen content decreased with increasing temperature. The loss of
nitrogen suggested the removal of MPP from the NCs and thus a decreased photocurrent

from the films.
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Table 5.1 Carbon and nitrogen weight percent results for the annealed films

Anneal NC Size
EDX Carbon  XPS Carbon  XPS Nitrogen
temperature from XRD
weight (%) weight (%0) weight (%0)

(°C) (nm)

No anneal 111 16.2 2.6 3.8
250 10.3 16.4 1.3 4.4
300 8.02 16.6 1.8 4.5
400 7.7 12.5 1.2 5.6
500 6.5 11.2 0.7 6.4

The effects of annealing on the NC size and crystallinity were investigated using XRD.
The XRD patterns at the varied furnace temperatures are shown in Figure 5.4. The
observed peaks matched well with the chalcopyrite structure of CIS (JCPDS card No. 01-
085-1575). The intensity of the peaks increased, and the peak widths decreased, as the
temperature of annealing was augmented. These observations are caused by several
different factors including an elevated crystallinity, an increase in NC size, and/or an
overall increase in the order of the NCs.” Increased order and crystallinity were further
supported by the appearance of the less intense (211) peak at 26 = 32°. Decreased peak
width is also indicative of an increased NC size. The Debye-Scherrer equation (equation
6.1) allowed the theoretical NC sizes to be calculated, which are shown in Table 5.1. The

NCs increased in size with increased annealing temperature.

0.9A

B B(20)cos® (6.1)

Before annealing, the calculated size was approximately 3.8 nm, which then increased to
6.4 nm when annealed at 500 °C. The general findings of this work have been reported
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before for CIS prepared from a precursor paste.> However, the annealing temperature
that produced a film with the best photovoltaic properties was 450 °C °, which is

significantly higher than the 250 °C optimized temperature discovered here.

The morphology of the different NC films were imaged using SEM. Low-magnification
images revealed that, the frequency and severity of cracks in the film increased
dramatically with the annealing temperature. Cracks greatly inhibit electron flow
throughout the material, and likely contribute to the diminished photocurrent.™* With
samples heated to 250 °C, attempts were made to fill the cracks with additional CIS by
dropcasting another layer of CIS onto the surface after heating and annealing a second
time. A PEC measurement of each step was taken, some of which are shown in Figure
5.5. When a second layer of CIS was added to the annealed NCs, the photocurrent
returned to the current density of the original unaltered CIS (Figure 5.5d, blue). It was
discovered that annealing a second time only reduced the photocurrent and increased the
resistivity of the film (Figure 5.5c, green). Dropcasting another layer of CIS on the
annealed film may have filled the cracks, but it blocked annealed film from contact with
the redox species returning the photocurrent density to that of unaltered CIS, and
canceling out any benefits annealing had on the film. Annealing the film a second time
may have increased the photocurrent density, but it also dramatically increased the film’s

resistivity making it unsuitable for use in a solar cell.
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Figure 5.5 Photoelectrochemical measurements of a) unaltered CIS (black), b)
annealed CIS with a second CIS layer (blue) ¢) annealed CIS with a second layer of

CIS annealed again (green) and d) annealed CIS (red).

Higher magnification SEM images (Figure 5.6) illustrate little difference between the NC
clusters at the two different furnace temperatures. When compared to the unannealed CIS
(Figure 5.6a) the clusters decreased in size and, the density of the clusters appeared to
increase after annealing. The above observations from the SEM images coincided with
those made by others upon annealing CulnSe,.>*® The increased cluster density can
account for the photocurrent enhancement obtained from annealing. Closer NC cluster
packing would decrease the gaps between the neighbouring clusters, which would
otherwise hinder electrons from passing through the material easily. The density of the
clusters between the 250 °C and 500 °C samples does not appear to increase significantly.
Temperatures greater than 250 °C do not affect the packing or size of the one-pot
unaltered NCs appreciably and thus offer no benefits to the film’s performance in this
way. Morphologically speaking, the benefits of annealing the film are outweighed by the

severe cracks that occur when the NC film is annealed at temperatures above 250 °C.
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Figure 5.6 SEM images of a) unaltered CIS, b) annealed at 250 °C c) annealed at
500 °C.

Annealing at 250 °C also allows for the heat processing of CIS and CdS layers to be
performed simultaneously. The low temperature also enabled the use of ITO on glass as a

substrate since it does not degrade at that temperature. Both ITO and CdS performance
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have been shown to worsen when subject to temperatures at or above 300 °C.** % The
PEC measurements in Figure 5.7 show an enhancement after annealing the two layers
together, as well as a small value for the dark current. The causes of the enhancement
could be attributed to increased lattice matching of the two layers, Cd diffusion into the
CIS film, or the development of Cd-In-S phases. %22 When a second layer of CdS was
deposited after annealing, a significant enhancement was obtained. The largest

photocurrent enhancement occurred at -0.22 V.
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Figure 5.7 Photoelectrochemcial measurements of thin films of a) CIS/CdS (A)/CdS
(purple), b) CIS/CdS (green), ¢) CIS (black), d) CIS/CdS(A) (red) where (A) denotes
an annealed sample.

The photocurrent density of the CIS/CdS(A)/CdS champion sample was measured at that
point to be approximately 14.7 times larger than that of the original CIS layer alone. This
second CdS layer may have filled in any cracks that occurred during the heat treatment,
as well as deposited CdS onto areas that may have been initially lacking in thickness.

Subsequent heating of the material also caused a diminished photocurrent.

5.4 Conclusion

A 250 °C annealing step provided a photocurrent enhancement as well as increased the
kps for the CIS NC thin films. Higher annealing temperatures reduced the photocurrent.
The reduction of the photocurrent could have been due to cracking and a loss of the

electron flow support provided by the capping ligand. The low-temperature annealing
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enabled the CdS layer to be added to the CIS before heating, which produced
enhancement when compared to only adding CdS. A second layer of CdS deposited after
the heat treatment increased the photocurrent further. This may be the result of crack
filling and more even distribution of the CdS layer.

Annealing the one-pot synthesized CIS alone does not provide a sufficient photocurrent
enhancement to justify its incorporation into the post-synthesis. However, low-
temperature annealing of the CIS NC and CdS layers together, along with the deposition
of a secondary CdS layer, yielded a 14.7 times increase in the photocurrent. This layer-
by-layer approach of constructing a thin-film CIS solar cell gives insight into the
conditions for optimal, scalable, absorbing layer and buffer layer deposition at low costs.
The marked increase in photocurrent justifies the use of a low-temperature annealing
post-process. These findings can further reduce fabrication costs on multiple levels

making CIS a more viable option for dealing with the ongoing energy crisis.
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6  Electrochemical Deposition of Light-absorbing CulnSe;
for use in Solar Cells

6.1 Introduction

CulnSe; (CISe) is a light-absorbing semiconductor that can be utilized in thin-film
inorganic solar cells. Its high absorption coefficient and direct band gap make it an ideal
candidate for solar cells." The major goal in commercializing solar cells is to achieve a
high efficiency while keeping the associated costs low. CISe solar cells have achieved
efficiencies of 14.5 %, but this efficiency requires a multi-step, high-temperature
process.? To commercialize CISe-based solar cells an inexpensive and scalable technique

IS required.

Electrochemical deposition (ECD) is an inexpensive, scalable, low-waste process that is
already used commercially.® If it can be optimized to produce CISe films that are free of
defects and secondary phases it would drastically reduce the cost associated with CISe
solar cells. ECD also may have advantage over C1Se nanocrystal-based solar cells as it
directly forms the light-absorbing film, whereas two steps are needed for the
nanocrystals: preparation and film formation.*® Typically, the co-deposition of Cu, In,
and Se is carried out simultaneously to form the CISe film.”? However, this technique
needs a complexing agent to adjust the reduction potential of the elements, which can be
difficult to tune and can increase impurities in the film."®*® Sequential deposition of the
metals followed by a selenization/annealing process is beneficial to the films. The
optimal conditions for the deposition of each metal and the subsequent selenization are

more easily obtained to form the ideal CISe light-absorbing layer.

In this work, the starting ratio of the metallic Cu/In stack and subsequent selenization
were optimized using photoelectrochemical (PEC) measurements. Samples that exhibited
the best properties were then fully characterized to elucidate further their feasibility for
creating a high-efficiency solar cell. They were characterized with respect to

morphology, composition, and structure to determine if selenization of the metallic stacks
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could produce CISe films with all the necessary qualities to be an ideal light-absorbing

layer for solar cells.®

The inclusion of sulfur to form Culn(Sx,Se1x)2 (CISSe) can tune the band gap of the CISe
to a higher value, making it closer to the ideal 1.4 eV.* This can increase the open circuit

potential and the efficiency of the solar cell.*®

CISSe is a quaternary compound, so there
is great potential for deviations in stoichiometry and variance in the conductivity.*®
Preliminary results were obtained on the CISe samples annealed with selenium and some
residual sulfur from the furnace tube. In addition to conventional characterizations,
synchrotron radiation was used to investigate how the sulfur incorporates into the ClSe.
X-ray absorption fine structure (XAFS) using synchrotron radiation is a powerful tool for
determining coordination chemistry, oxidation state, distances, and species of the
neighbours to the absorbing atom.'” X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) were both used to determine the effect

the sulfur has on the ClSe lattice and film upon incorporation.

6.2 Experimental

6.2.1 CulnSe, Fabrication

ClISe thin films were fabricated using sequential electrochemical bath deposition of the
copper and indium followed by a selenization process. Copper was deposited from a
solution containing 25 g/L CuSO,e5H,0 (99.995%, Sigma Aldrich), 120 g/L NaOH (
97% pellets, Sigma Aldrich) and 37.5 g/L D-sorbitol ( >98%. Sigma Aldrich).*® Indium
was deposited from an indium sulfamate solution purchased from the Indium Corporation
(Clinton, NY). The manufacturer recommended deposition parameters for a film with

small nucleation sites were used.

Mo-coated glass was purchased from University Wafer (Boston, MA) with a 500 A Mo-
thickness. It was cleaned with 2% Hellmanex, DI water, acetone and ethanol sonicating
for 5 mins at each step. Copper was deposited using an alkaline/mercurous oxide as the
reference electrode, Pt mesh for the counter, and the Mo-coated glass as the working
electrode. The deposition was carried out using an EG&G Princeton Applied Research
Model 363 Potentiostat (Oakridge, TN) at 2.5 mA/cm? for 90 sec. Indium was deposited



90

using 11 mA/cm? applied to the copper-coated Mo-glass as the working electrode and
indium as the counter electrode. The deposition times of indium were varied between 24
to 110 sec to achieve different Cu/In ratios between 0.3 and 1.4.'° These ratios were
calculated using Faraday’s law and assuming 100 % efficiency for the copper deposition

and 90 % efficiency for the indium deposition.

The annealing and selenization processes were carried out on the stacked precursor films
in a quartz tube in a Thermoscientific Lindberg Blue M tube furnace (Asheville, NC).
The samples were placed on a graphite stage next to an open graphite box with the
selenium powder. Three amounts of Se were chosen: 3 mg/cm?, 5mg/cm?and 10 mg/cm>.
These values were chosen based on previous work on the related compound
Cu,ZnSn(S,Se)4.2° The tube was then purged of oxygen via five vacuum and refill cycle
with argon. The pressure of the argon was set at 0.62 bar. The annealing and selenization
processes were based on previous work reported by Lee et al.** The temperature was
ramped up to 250 °C and held there for 20 mins, and then it was increased to 550 °C for
10 mins. The ramp rate was 60 °C/min, and the system was then allowed to cool

naturally.

6.2.2 Fabrication of Full Solar Cells

CdS was added via a chemical bath deposition. The solution was prepared using Milli-Q
water (Millipore Corportation, 18.2 M cm), 1.8 mM of CdCl; (Sigma-Aldrich, 99.99%),
1.02 M NH4OH (Caledon, >99 %) , and 7.3 mM of thiourea (Sigma-Aldrich, >99%). The
CdCl,, NH4OH, and water were allowed to stir for 30 mins. The solution was then heated
to 70 °C. The thiourea and CISe film samples were added to the bath. The solution was
allowed to react for 8 minutes. The samples were then removed from the bath and rinsed
thoroughly with Milli-Q water. They were then placed in the tube furnace and heated to

60 °C under vacuum for 12 hours to remove any water.

ZnO and Al-doped ZnO (Al:ZnO) were added using an Ultratech/Cambrdige Nanotech
Savannah S200 atomic layer deposition (ALD) instrument (Waltham, MA). The
deposition processes used were based on the manufacturer’s recommended processes.

The sample chamber was pumped down to 2.6 x 10 atm following a purge with 5 sccm
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of medical grade N, (Praxair, 99.999 %), and then allowed to equilibrate for 5 minutes.
The ZnO deposition was done at 200 °C, and was completed using 0.15 s pulses of
diethylzinc (Strem Chemical, min 95 %) and Milli-Q water with an 8 s wait time between
pulses. This created a rate of 1.6 A growth/cycle, and 50 nm of ZnO was deposited. For
the Al:ZnO, the aluminium source was trimethylaluminium (Strem Chemicals, min.
98%). This involved a macrocycle of three smaller cycles all performed at 200 °C. Within
the macrocycle, the first step was depositing 10 cycles of ZnO using the procedure
described above. Then there was a 0.15 s pulse of the trimethylaluminium followed by a
0.15 s pulse of Milli-Q water, and then an 8 s delay. Then another 10 cycles of ZnO were
deposited. The growth rate of the macrocycle was 33.1 A / cycle. The macrocycle was
repeated 75 times which corresponds to an aluminium doping concentration of 4.7 %, and
250 nm of Al:ZnO. These parameters were optimized by measuring sheet resistance. All
ALD procedures were controlled by a LabVIEW program developed by
Ultratech/Cambridge Nanotech.

6.2.3 Characterization

PEC measurements were carried out in a solution containing 0.05 M methyl viologen
(MV?) dichloride (Sigma-Aldrich, 98%) and 0.1 M KCI (Sigma-Aldrich, 99.0%) as
previously described.?* 2® Using a saturated calomel reference electrode and a Pt counter
electrode a potential sweep at 5 mV/s from 0 to — 0.4 V using a CHI 832a
electrochemical analyzer (Austin, TX) was carried out while a square-wave light stimulus
was applied from a 150 W Newport Xe lamp with an AM 1.5D filter (Irvine, CA).

Scanning electron microscopy (SEM) was performed on the ECD CISe films using a
Hitachi S-4500 field emission microscope (Toronto, ON) with an EDX system at 15.0
kV. XRD patterns were obtained from an Inel CPS Powder Diffractometer with an Inel
XRG 3000 Cu X-ray generator, and an Inel CPS 120 detector. The scans were taken for

10 mins.

XAFS measurements of the Cu and In K-edges were performed at the PNC/XSD 20-BM
beamline at Argonne National Laboratory in Argonne, IL, using the Advanced Photon
Source (APS). CISe films were capped by Kapton tape. The beam was set in focused
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mode, meaning that the measured area was small. A sample area of 200 um by 500 pm
was measured with an energy resolution (AE/E) of 1.4 * 10™*. The incident chamber was
filled with 50% N, / 50% He by weight, while the transmission and reference chambers
were filled with 100% N,. A harmonic rejection mirror was set to < 5 mrad, and the
incident beam was detuned 15% at 9.8 keV. The samples were scanned using a Si (111)
monochromator to modulate the incoming energy, with a 400 um and 700 um vertical slit
for the Cu and In edges respectively. Samples were scanned over a 8.78 to 9.52 keV
range for the Cu K-edge, and 27.744 to 28.786 keV for the In K-edge. Samples were
placed 45° to the incident photons, and the 13-element Canberra detector was placed
perpendicular to the beam. Detector saturation was set to 50,000 cps, and replicates were
taken to a sum of 2 million total counts per element, ensuring that a significant edge jump
(> 0.5 a.u.) was obtained for each replicate. Multiple measurements further ensured the
fine oscillations of the EXAFS region were reproducible. Spectra were normalized to the
incident photon flux (I,) using the Athena software package, and calibrated against a
reference foil (EXAFS Materials Inc.) using the first inflection point of the derivative

spectra. The standards used included a 7.5 pm thick copper foil, and 10 pum indium foil.

All fittings were carried out using the Artemis software package, from which simulated
spectra were generated. An ab initio method was utilized for calculating real-space
multiple scattering pathways, including the effects of core-holes, real-space relativistic
Green’s function, and full multiscattering of the wavefunction. The atomic input file was
based on the chalcogenide crystal structure of CISe, and generated using FEFF8.2 code to
ensure the calculation contained self-consistency checks. This produced theoretical phase
and scattering paths for the X-Se, X-S, X-Cu, and X-In pathways, where X was either Cu
or In. The energy threshold (Eo) was assigned to the peak maximum of the first derivative
spectrum for each sample.?* % The true Eq will differ from the experimentally calculated
Eo in each sample.?* Due to the unique Eq dependence of the phase shift function (¢(k))
this deviation needs to be corrected prior to distance determination.'” ?® The inter-
dependence of r, ¢, and k, as seen in equation 6.1 below was manipulated to obtain

matching phase shift functions:

Ap = —2(Ak)r — 2k(Ar) (6.1)
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where k is the momentum space wavenumber in A™, and r is the distance between two
atoms in the model. This can be expanded through k as defined in equation 6.2, whereby

we see the dependence of k on the assignment of E,.

0.2625(AEy)

Ak = Y (6.2)
Combining equations 6.1 and 6.2 demonstrates the dependence of ¢(k) on Eo.
b (k) = 22525CE) . ok (Ar) (6.3)

k

To rectify ¢(k) of the experimental and model CIS, Ey was permitted to vary at the fitting
stage. Refining Eq in this manner allows for phase transferability, and thus reduces error
in the distance determinations by ensuring that the fitting is based on equal ¢(k). All Eg
shift values were correlated with each other to reduce the number of variables within the
fit. By applying this concept to equation 6.3, Ar will be directly related to the
experimental and theoretical k values, and thus ¢(k), thereby eliminating additional

uncertainty from deviations in the energy threshold term.

The solar cells were tested using an IVIUM CompactStat (Eindhoven, NL) potentiostat
and the Newport lamp with and AM 1.5 D filter operating at 0.7 suns.
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Figure 6.1 Photoelectrochemical measurements in 0.05 M methyl viologen of a)

CulnSe; films made from a starting Cu/In ratio of 0.4 (red), 0.6 (orange), 0.8

green), 1.0 (blue) and 1.2 (purple) and selenized with 5 mg/cm® of selenium.
(green), 1.0 (blue) and 1.2 (purple) and selenized with 5 mg/cm? of selenium. b)

CulnSe; films fabricated with the starting ratio of 0.6 selenized with 3 (red), 5(blue),

and 10 (green) mg/cm? of selenium. c) CulnSe; film with the starting ratio of 0.6

with 5 mg/cm? of selenium and some sulfur residue on the furnace tube.

The PEC measurements for a variety of starting Cu/In ratios are shown in Figure 6.1a.

The CISe films were obtained by selenizing and annealing with 5 mg/cm? selenium

content at 550 °C, and the resulting photocurrent ranges for the different starting ratios of
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Cu/ln are shown in Table 6.1. In general, the lower starting Cu/In ratios exhibited higher
photocurrent density than the higher starting Cu/In ratios. This trend is most likely due to
the potential for secondary phases to form. When the starting metallic stacks are copper-
rich, Cu,Se and CuSe deposits might be formed in the CISe where extra copper reacts
with selenium. It may also have to do with the formation mechanism of the CISe. In this
case there is an annealing step of 250 °C for 20 mins before the C1Se formation step at
550 °C. This step might allow the indium to diffuse into the copper, and for the selenium
to begin permeating into the film. During this time, copper and indium selenide phases
form along with copper indium phases.?” ?® When the temperature is increased to 550 °C
CISe begins to develop via a reaction between the copper and indium selenide phases. If
the Cu/In starting ratio is too high, copper selenide phases remain in the film and detract
from the photocurrent. The opposite can be true as well; if the Cu/In starting ratio is too
low the indium selenide phases are left unreacted and cause a decrease in the

photocurrent.

The starting ratio of 0.6 (Figure 6.1a, orange, 0.6CISe) had the largest photocurrents
during the entire scan, followed by the starting ratio of 1.0 (Figure 6.1a, blue 1.0CISe).
The two CISe films are actually quite similar in their photocurrent density for having
such radically different starting ratios. These two samples are chosen for further
characterization to determine why samples with two different starting ratios would show

such similar photocurrent densities.
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Table 6.1 Photocurrent Ranges for different starting ratios of CISe determined from

photoelectrochemical measurements

Starting Ratio of Cu/In Photocurrent Range (HA/cm?)
0.4 8-296
0.6 59 -574
0.8 34- 474
1.0 13-482
1.2 10-24

The selenium concentration was also optimized using PEC measurements, shown in
Figure 6.1b. Three different amounts of selenium are shown: 3, 5 and 10 mg/cm? for
ClISe films with the starting Cu/In ratio of 0.6. These values we chosen based on previous
selenization treatments on the related compound CZTS.?° The photocurrent difference
range was 60 to 116 pA/cm?for 3 mg/cm?, 59 to 574 pA/em? for 5 mg/cm?, and finally
16 to 62 pA/cm?for 10 mg/cm?. Using 5 mg/cm? selenium to generate CISe films
consistently showed larger differences between the dark current and photocurrent. There
must be enough selenium present to fully form the copper and indium selenide phases
that react to form the CISe, but an excess causes poor adhesion to the back contact and

forms deposits on the surface.

The PEC measurement in Figure 6.1c is that of a ClISe film that was contaminated with
sulfur, forming CISSe instead of CISe. This sample offered the chance to determine the
effect that sulfur incorporation has on the crystal structure of the ClSe. Even with the

sulfur incorporation, the photocurrent observed from the CISSe was in the mid-range of

those observed from the pure phase CISe: varying between 110 and 171 uA/cmz.

The PEC measurements from Figure 6.1 also gave insight into the relative rates of the
photoreactions occurring in solution upon illumination. At more negative potentials, in

almost all of the PEC measurements, the current initially rapidly rises to a high
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photocurrent value, followed by an exponential decay to an eventual plateau. When the
light is turned off there is also a negative overshoot in the current that then increases back
to a plateau. As the potential becomes less negative this behavior is suppressed to the
point where only the photocurrent decrease during illumination is observed and then

finally at potentials closer to 0, a nearly square wave occurred.

The shape of the transients are based on the photoreactions which have been discussed
extensively in Chapters 2 and 4 as well as in literature.? Briefly, upon the injection of a
photon an electron hole pair is created at the pseudo p-n junction created between the
MV solution and the CISe film. If the electron hole pair does not immediately decay,
the photogenerated electron can associate with the MV?* to form an intermediate species
of MV" and ClISe. This intermediate species can either recombine at rate k;, and no
current flows; or the intermediate can separate at rate Kps, and a photocurrent is observed.
The relative rates of these two reactions (k./kys) can be observed in the shape of the
transients in the PEC measurements described earlier. The shape of the transients at the
higher negative potentials corresponds to a large ki/kps. This is due to the highly negative
potentials shrinking the pseudo p-n junction. This makes the internal potential weaker,
and the electrons are less likely to remain associated with the MV/?*. At the lower
potentials, the pseudo p-n junction internal bias can push the electrons away. However,
the push from the external bias is lower, and has the adverse effect of making the overall

photocurrent lower.

6.3.2  Composition

The compositions of the final ClSe films as determined by EDX are in Table 6.2. As
expected, the 1.0CISe film had a final ratio very close to 1.0, and was slightly copper-
rich. The 0.6CI1Se film also had a final ratio close to that of stoichiometric CISe, but
slightly copper-poor. Typically, copper-rich films have shown the optimal traits for the
light-absorbing layer and pure phase C1Se chalcopyrite structure.®® 3* Unfortunately,
these films often have to be treated with KCN to remove excess CuSe phases.®" 3 The

method used here produced CISe while avoiding KCN completely.
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Table 6.2 Relative molar ratios of CulnSe, and Culn(S,Se),

Sample Cu In Se S
CISe with Starting 0.903 1.00 1.53 -
Ratio of 0.6
ClSe with Starting 1.03 1.00 1.63 -
Ratio of 1.0
CISSe with Starting 1.09 1.00 0.824 0.317
Ratio 0.6

The increase in the Cu/In ratio for the original 0.6 to 0.9 may be due to the loss of indium
during the high-temperature selenization. The pre-annealing step at 250 °C is meant to
convert the copper indium stack to form Cuj1lng, as well as copper and indium selenide
phases.?® The excess indium can remain un-reacted and vaporize, as the melting point of
indium metal is approximately 157 °C. This would cause the final film made from the
0.6CISe sample to have a higher Cu/In ratio. The 1.0CISe had less indium so the amount

of selenium was sufficient to react fully, and as such no indium was lost.

All three films are deficient in selenium (or sulfur) based on their EDX molar ratios
relative to the stoichiometric value of 2. This explains why the samples with 3 mg/cm? of
selenium showed lower photocurrents, as not enough selenium was present to fully form
the CISe across the entire film. On the other hand, when more selenium was added to the
furnace — as mentioned earlier — it significantly affected the adhesion of the ClSe to the

molybdenum substrates.

6.3.3  Morphology

The morphology of the two CISe films was investigated using SEM (Figure 6.2). The
larger image displays that of the surface morphology of the CISe films and the inset
shows the morphology at lower magnification. At a large scale the film appears quite

smooth and uniform which is ideal for solar cell fabrication. Upon magnification it is
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observed that both CISe films had very similar surface morphologies consisting of larger
structures sitting on top of a more dense film. The dominant features — the larger granular
structures — vary in size between the two films. The 0.6CISe (Figure 6.2a) had much
smaller granular sizes ranging from 0.73 to 1.1 um with an average size of 0.9 0.1 um,
while the 1.0CISe (Figure 6.2b) had granular sizes ranging from 0.44 to 0.74 um with an
average size of 0.6 = 0.1 um. As the selenization conditions were kept constant between
these two samples, the change in grain size is attributed to the variance in the Cu/In

starting ratio.

The other feature that is observed from these images is the structures that lie beneath the
granular structures. It is circled in red in Figure 6.2. This dense sublayer CISe film
appears smoother than the surface structures. The dense part of the films is exposed to the
surface more so in the 0.6CISe sample than the 1.0CI1Se sample, which may account for
the high photocurrent observed from the non-stoichiometric starting ratio 0.6CISe
sample. This potentially more compact film would be ideal for full device development
as it would have a greater electrical connectivity than that of the looser surface

morphology.
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Figure 6.2 SEM images of a) CISe with a starting ratio of 0.6 and b) CISe with a
starting ratio of 1.0

The EDX analysis has already suggested that these two films are similar, and the
morphology adds further evidence to that statement. The increased grain size of the
0.6CISe is ideal for full device development.*” The porous surface morphology, however,
may be detrimental to achieving an efficient full device, as the rough surface can increase

recombination sites.3 %

6.3.4 Structure of the CISe Films

XRD was utilized to determine the crystal structure of the CISe films. The XRD patterns
for each of the three samples are shown in Figure 6.3. The 0.6CISe and 1.0CISe (Figure
6.3 a and b) samples matched well with the CISe standard card (JCPDS card no. 40-
1487), which has its three most intense peaks at 26.57 °, 44.23 °, and 52.38 °. These are
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the characteristic intense chalcopyrite peaks corresponding to the planes (112), (220), and
(312), which are shown pictorially in Figure 6.3d. There were no other peaks from
common secondary phases such as CuSe, Cu,Se, or In,Ses, suggesting that the CISe is
pure phase. The above observations agree well with those from a study on a self-
assembled lateral In,Ses/CISe heterojunction.®* Interestingly, the CISSe sample’s (Figure
6.3c) three most intense chalcopyrite peaks were shifted to higher angle values when
compared to the standard CISe card. The standard peaks for CIS (JCPDS card no. 85-
1575) are at larger angle values than those of CISe. The lack of dual peaks suggests that
sulfur atoms present in the film are intercalated into the CISe through sulfur substitutions
at the selenium sites. It has been previously determined that when there is replacement of
Se with S in CISSe and CulnGa(S,Se), compounds the peaks will appear somewhere

between the two peak values.™ ***’

The peak at 31° that is present in both the 0.6CISe and 1.0CISe samples indicates that
MoSe; is present between the CISe and the molybdenum. In a similar system of
Cu(In,Ga)Se; it has previously been discovered that MoSe, forms between the light-
absorbing layer and the back contact.®® A thin film of p-type MoSe; can increase device
efficiency for several reasons: it forms a proper ohmic back contact, it can improve
adhesion of the C1Se with the back contact, the wider band gap of MoSe; (1.4 eV) can
reduce recombination at the back contact, and finally its presence can prevent further
reactions between the CISe and the molybdenum.®

The lattice parameters of the unit cell are a, b and c. In the chalcopyrite system a and b
are equal. The parameters can be calculated using equation (6.4) where a and c are the

crystal lattice parameters; h, I, and k are the miller indices; and d is the d-spacing.

1 _ h2%+k? 12

Pz 42 + P (6.4)
The 0.6CISe lattice parameters were determined as 5.79 A and 11.64 A and the 1.0CISe
parameters were 5.83 A and 11.69 A for a and c, respectively. Both matched well to the
parameters for the standard CISe which are 5.78 A and 11.62 A (JCPDS card no. 40-

1487). The lattice parameters for the CISSe sample were calculated as: a equal to 5.74 A
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and c equal to 11.49 A. These values are smaller than the standard CISe lattice
parameters. They are, in fact, an intermediate value between the CIS and ClSe standard
values. The shrinking of the lattice parameters is indicative of selenium being substituted
with sulfur, and since sulfur is a smaller atom than selenium, it is expected that the crystal
unit cell decreases as it gains more and more sulfur. This observation agrees well with
that of solution growth C1SSe films.*®
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Figure 6.3 X-ray Diffraction patterns of a) CISe with a starting ratio of 0.6 b) CISe
with a starting ratio of 1.0 and ¢) CulnSSe with a starting ratio of 0.6 and d) the
planes for the three most intense chalcopyrite peaks. The peaks marked with a A

are the molybdenum back contact and the peaks marked with a e are MoSe;
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Table 6.3 Major peaks from the XRD patterns, their full width at half maximum

and the related crystal size

Sample 20 (°) FWHM (rad) D (nm)

ClSe Starting Ratio 26.58 0.00349 40.8
0.6 44.17 0.00515 29.1

52.33 0.00566 27.3

ClSe Starting Ratio 26.43 0.00331 43.0
1.0 43.88 0.00497 30.1

51.99 0.00619 24.9

CISSe Starting Ratio 26.86 0.00391 36.5
0.6 44.60 0.00718 20.9

52.85 0.00715 21.7

The crystal sizes for the three films were calculated using the Debye-Scherrer equation
(equation 6.5), and are listed in Table 6.3. Where D is the particle size, A is the X-ray
source wavelength, B(20) is the full width at half maximum, and ©® is the angle at which
the peak occurred. The average calculated crystal sizes were 33 + 9 nm for the 1.0CISe
and 32 £ 7 nm for the 0.6CISe. The two CISe films had significantly smaller crystal sizes
than those reported from the SEM images. It is common for the crystal sizes to be
smaller than the grain sizes. The sizes for the CISSe films were smaller with an average
of 26 + 9 nm. This is consistent with literature in that a material with higher selenium

content will have a narrower peak and thus larger crystals. %

0.9An

D= B(20)cos®

(6.5)
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6.3.5 XANES of the Cu and In K-edges

The XANES spectra of the Cu and In K-edges of 0.6CISe sample and the CISSe are
presented in Figure 6.4. The Cu K-edge (Figure 6.4a) absorption peak occurred at 8986
eV which is indicative of a Cu(l) state as summarized by Solomon et al. from many Cu(l)
and Cu(I1) model complexes.”® There is a very small feature at 8983.7 eV (which is more
apparent in the inset in Figure 6.4a) in the absorption edge. Typically, the absorption —
from edge to peak — should occur over 2 to 3 eVs. This absorption, however, occurs over
7 eVs. Using a XANES spectra study in which a large variety of copper compounds in
various oxidation states, orientations, and coordination numbers were compared,? it was
determined that this small feature at 8983.7 eV corresponds with the 1s = 4p transition
commonly associated with Cu(l). None of the spectra show a pre-edge structure around
8979 eV, and the principle absorption peak does not show splitting or twinning, which
strongly suggests the film is devoid of Cu(l1).>> The positioning of the feature at 8983.7
eV in the absorption edge and the energy at which the main peak occurred are both
indicative of Cu(l) that has a coordination number of 4 in a tetrahedral formation, based
on comparison with Solomon et al.’s findings.”> When the energy is greater than 8993 eV
both samples’ absorption spectra are very similar in shape and intensity. This is
suggestive of long-range order and will be discussed in more detail in the EXAFS section
6.3.6.
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Figure 6.4 XANES absorption spectra for pure phase ClSe (red) and CISSe (black)
a) Cu K-edge and b) In K-edge
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The In K-edge XANES (Figure 6.4b) absorption peak for both films occurred at 27949
eV. Drawing from XANES data for systems involving In,03-Al,03 and Zn-In-Sn it was
determined that the indium present in the CISe is In(111).%* *° The extended regions
between the CISe and CISSe deviate from each other, unlike in the Cu K-edge. The
energy required to obtain the In K-edge is quite high, which scatters the X-ray beam. This
increases contributions from core-hole and instrumental broadening, which can obscure
broadening caused by disorder.* ** There are significant deviations after the absorption
edge between the two films. Further investigation into the copper and indium edges was

carried out with EXAFS analysis as described below.

6.3.6 EXAFS Cu and In K-edge

EXAFS is a powerful technique that is used to accurately determine local structural
information on the absorbing atoms, as demonstrated by Zhang et al. with Au
nanoclusters.*? In this work, EXAFS was used to determine the effects that sulfur

substituting for selenium has on the CISe structure.

The first step for EXAFS analysis involves transforming the absorption spectrum to a “k-
space” spectrum via a well-established method that changes the x-axis from energy (eV)

1/2) 2492 The result is an oscillating

to photoelectron wavenumber k (k = h™(2me(E — Eqg))
spectrum with amplitudes and phase shifts that reveal contributions from the interactions

of the other atoms relative to the absorption atom.?*

The EXAFS oscillations of both the CISe and CISSe samples were converted to k-space
(using a k®-weighting factor) for directly comparing the local structure of the Cu or In
absorber centers. The k*- weighting factor was chosen over the more typical k*-weighting
so that information pertaining to structure at greater distances from the absorbing atom
were not lost. The k-space spectrum transformed from the copper K-edge is shown in
Figure 6.5a. The first major difference is the oscillation in early k-space between 4 and 5
A, The CISe sample had a disruption in the oscillation while the CISSe did not.
Deviations at lower wavenumbers are indicative of defects and irregularities in the first
and second shell nearest neighbours (the atom directly next to, or one atom removed from

the copper).*® So in the immediate vicinity to the copper atom, there are already
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deviations from the pure phase CISe as the sulfur substitutes into the crystal lattice, thus

short-range disorder is observed.

The oscillations at higher wavenumbers (> 6 A™) in the CISSe deviate from the CISe
spectrum as well. There is a loss in the intensity of the oscillations in the CISSe spectrum.
The CISe, however, has a relatively low loss of intensity at higher wavenumbers, which
indicates long range order. The k* weighting has a larger influence on the higher
wavenumbers, so it would be expected that there would be no loss of signal if there was
consistent interatomic distances and long-range order.’” The degradation of the amplitude
in the CISSe sample confirms that it lacks the long range order shown by the CISe
sample. However, the extent of the deviations suggests that the sulfur substitutions are

random, and thus a hindrance to long-range film quality.
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Figure 6.5 Cu K-edge EXAFS for pure ClSe (red) and CISSe (black) a) measured k-
space oscillations and b) Fourier transform spectra of the k-space spectra. The solid
line is the experimental data and the dashed line is the multishell fit. The structures

in the figure illustrate the atoms that contribute to the most intense peak.
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A Fourier transformation (FT) of the k-space spectrum produces a pseudo radial space or
“R-space” spectrum, and this is where the most useful information can be obtained.** The
R-space spectrum is fitted to a theoretical model for the system, and by obtaining the best
fit possible information on the distance between the atom of interest and its neighbouring
atoms can be obtained.?* *? This involves generating the idealized crystal structure
complete with the coordinates of the atoms in the structure. Then running all the possible
scattering paths, selecting the most likely paths and optimizing the parameters until the
simulated spectra best portrays that which was observed in the experimental. This
information can pertain to how temperature,** coordination number,* ligand identity,*
and size* of the particles in the system affect the atomic interactions. The theoretical fit
is often a multishell fit (or a fit that includes the effects of atoms further away from the
atom of interest) to give a more in-depth understanding of the structural changes.** The
multi-shell fit uses many scattering pathways so more information can be elucidated from
the spectra. The FT of the k-space oscillations between 2.8 and 11 A™ was carried out to
extract the R-space spectrum for the copper K-edge. A multishell fitting was used to fit
this data, as this extended region increases the spatial resolution to allow for contributions
from multiple scattering shells: X — Cu, and X — In, where X is Cu or In. The result of
the FT of the Cu k-space is shown in Figure 6.5b, and is not phase corrected. A multishell
fit was used to fully elucidate the structure and how it changes at the copper site when
sulfur is intercalated into the CISe crystal lattice.

The theoretical multishell fit matched well with the experimental spectrum. The most
intense peak occurred at 2.086 A for the C1Se and 1.994 A for the CISSe. The CISSe
peak is broader and shifted to a lower wavenumber in the CISSe when compared to the
CISe spectrum. CISSe peak onset occurred 0.03 A earlier than the C1Se spectrum, and
the peak is shifted down by 0.092 A. The most intense peak originates from the Cu — Se
bond, and in the case of CISSe it has contributions from both Cu — S and Cu — Se bonds.
The Cu — S and Cu — Se contributions in the peak are not equal. In fact, the exact ratio
between selenium and sulfur can be determined based on the fit to the R-space. The
selenium and sulfur coordination numbers were varied until an optimal fit was acquired.
The resulting Se:S ratio for this fit was 7.5:1. This ratio was obtained by altering the
crystal structure with the sulfur substituted by sulfur which was then followed by
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obtaining the different possible scattering pathways and creating the simulated spectrum.
The amount of sulfur in the starting crystal structure was optimized to the reported 7.5:1
based on the fit between the experimental and simulated spectra. The peaks to the right of
the intense peak are due to the metal-metal interactions. These two features in the CISSe
are caused by the S substitution in the Se sites, which is more apparent when the bond

lengths are considered.

To help visualize the bonds being discussed, the chalcopyrite crystal structure of CISe is
shown in Figure 6.6. The calculated values for the interatomic distances for copper are
reported in Table 6.4. The atoms of interest and their nearest neighbours are highlighted
in Figure 6.6. The Cu — Se distance (circled in pink) for the CISe sample is 2.39 A, and in
the CISSe is 2.45 A and the Cu — S distance in the CISSe is 2.21 A. The increase in Cu —
Se bond length in the CISSe sample is due to sulfur substituting for the selenium. Sulfur
is a smaller atom than selenium, and as a result the bond length is shorter than the one
observed for Cu — Se in the pure phase CISe. The Cu — Se bond in the CISSe then has to
lengthen to compensate for the shortened bond length of the Cu — S. This further explains
the shift observed in the XRD pattern and the loss of intensity in the CISSe k-space

oscillation.
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Figure 6.6 Chalcopyrite structure of CISe with the following bonds circled: Cu — Se
(S) in pink, Cu—Ininblue, Cu—-Cuinred, In-Se (S) ingreen and In—Inin

orange.

Figure 6.7 contains the k- and R-space spectra calculated using the absorption spectrum
for the In K-edge. As in the copper spectra, a k® weighting was employed for the k-space,
and a multishell theoretical fit was used for the R-space spectrum. The In K-edge k-space
oscillations (Figure 6.7a) had many of the same characteristics as the Cu spectra. There is
a deviation in the amplitude between the two spectra between 4 and 5 A™. The CISSe
oscillation is again more defined and larger than that of the CISe. As previously
mentioned, the k® weighting gives more weight to the oscillations at higher wavenumbers
so when such a large peak is seen in the low wavenumber region it is expected that there
is again deviation in the first and second shell neighbours. The diminished amplitude in
the CISSe films is observed again in the oscillations at higher wavenumbers indicating
long-range disorder in the CISSe film compared to the CISe film.

The deviations observed between the two spectra imply there is a significant amount of
disorder in the CISSe. The high energy required to obtain the indium K-edge EXAFS
obscures changes resulting from disorder in the films, due to core-hole, and instrumental

broadening. Since differences between the two spectra are observed, this is indicative of
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a significant amount of structural changes in the CISSe. The deviations between the two
k-space spectra would be due to heavy metal defects pertaining to indium such as Cu
vacancies or In substitutions at Cu sites. These defects would create the significant
changes seen in the spectrum. Sulfur substitutions would not be observed easily in such a
high energy spectrum. The heavy metal defects, however, revealed how the lattice

compensates for the sulfur substitutions.
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Figure 6.7 Indium K-edge EXAFS for pure ClSe (red) and CISSe (black) a)
measured k-space oscillations and b) Fourier transform of the k-space spectra. The
solid line is the experimental data and the dashed line is the multishell fit. The

structures in the figure illustrate the atoms that contribute to the most intense peak.

The R-space spectra calculated from the FT of the k-space oscillations between 2.8 and
13 A * are in Figure 6.7b. CISe and CISSe both had intense peaks that were the same
width and had no peak shift. The most intense peak is due to the In — Se, or again in the
case of CISSe, the In— S and In — Se bonds. The bonds to the right are the metal-metal
bond lengths. The theoretical multishell fit does not match as well as what was presented
for the Cu. This confirms that the indium appears to be the primary source of the
structural deviations resulting from the sulfur substitutions at selenium sites. The increase

in the deviations from the theoretical fit is indicative that some indium centers are not in

the expected crystallographic locations.

The In — Se (Figure 6.6, circled in green) distance for both samples is 2.57 A. The Cu —
In (Figure 6.6, circled in blue) distance gave more insight into how the crystal structure
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compensates for the sulfur substitution. In the C1Se samples, the Cu — In distance was
calculated at 4.32 A by both the indium and copper spectra. The CISSe sample had
conflicting Cu — In distances. When calculated by the copper FT spectrum, the distance
between the Cu — In was 4.00 A, and when calculated from the indium spectrum the In —
Cu distance was 4.29 A. The indium compensates for the lattice distortion caused by the
sulfur substitutions more so than copper. An indium replacing a copper in the crystal
structure is the most common way the lattice compensates for the distortion caused by the
sulfur substitution. This causes significant changes in all the bond lengths including the
Cu — Cu (Figure 6.6, circled in red) and the In — In (Figure 6.6, circled in orange) when

compared to the ClSe.

Table 6.4 EXAFS R-space spectrum results from multishell fitting procedure of
ClSe and CISSe

CISe Distance to CISSe Distance to

Cu K-edge nearest neighbor (A) nearest neighbor (A)
Cu-Se(l) 2.39+0.01 245+0.01
Cu- Cu (2) 418 +0.01 4.02+0.01
Cu-In(1) 4.32+0.01 4.00+0.01
Cu-S (1) - 2.21+0.02

In K-edge

In - Se (1) 2.57+0.01 2.57+0.01

In -Cu (1) 4.32+0.01 4.30 +0.02

In- In (1) 4.02+0.01 418 +0.02

In-S (1) - 2.49 +0.03

The incorporation of this CISSe into full solar cells may need more improvement on the
control of the sulfur incorporation into the films before its potential to generate a high-

efficiency solar cell can be realized. The disorder induced by the sulfur substitutions —
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especially in the indium — may cause recombination sites and electron loss in the full
device. The long-range lattice disorder may cause further lattice mismatching between
the CISSe and the CdS films, thus detracting from the overall current from the solar cell

devices.

6.3.7 Solar Cell

The addition and optimization of the CdS buffer layer was the next step in the solar cell
fabrication. The PEC measurement for the two-layer system compared to the single-layer
system is in Figure 6.8. There is a photocurrent enhancement in the PEC measurement
upon the addition of the cadmium sulfide layer. This enhancement has been demonstrated

in the past.?
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Figure 6.8 PEC measurement of CulnSe, with a starting ratio of Cu/In = 0.6,
selenized with 5 mg/cm? of selenium (red) and a PEC measurement of that same film

coated with CdS (blue).

A full device was fabricated by using the ALD to deposit 50 nm of ZnO and 250 nm of
Al:ZnO films. The resulting J-V curves are shown in Figure 6.9. For the calculation of
the fill factor and the effieicny of the solar cells equations (6.6) and (6.7) were used.

Fill Factor = ‘Mplmp (6.6)

Voclsc
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_ VoclscFF
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Where Ve and lyp are the potential and current at the maximum power, Voc is the open
circuit potential, Iscis the short circuit current FF is the fill factor and Pjj in the input

power.

The low efficiency solar cell (Figure 6.9a) had a J of 0.236 mA/cm?, a Voc of 0.017 V, a
fill factor of 0.262, and an efficiency of 0.0013 %. The higher-efficiency solar cell
(Figure 6.9b) had a Jsc of 0.135 mA/cm?, a Voc of 0.15 V, a fill factor of 0.350, and an
efficiency of 0.010 %. This low efficiency may be due to the diffuse surface morphology
shown in the SEM images of the CISe. It is porous and non-compact which would
increase electron losses due to recombination. The current produced over time by the full
device can be seen in the inset in Figure 6.9a. The light was alternated between on and

off to produce a square wave in the current produced by the solar cell. The current
difference produced by the solar cell was 0.219 mA/cm?, while the open-circuit voltage
was very low. If the loose surface layer above the dense CISe film is removed the

efficiency observed from these solar cells might increase further.
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Figure 6.9 The J-V curve of 0.5 cm? CulnSe; solar cell in the light (blue) and dark
(black). The inset is the current produced by the cell at 0 VV and b) high efficiency J-
V curve of 0.12 cm? CulnSe; in the light (blue).

6.4 Conclusion

In summary, CISe films on Mo substrates were synthesized by the selenization of the
successively electrodeposited metallic stacks of Cu/In. A starting ratio of Cu/In of 0.6
selenizned with 5 mg/cm? of selenium produced a pure phase C1Se with a final ratio of
0.903:1.00:1.53. It had granular surface structures that were approximately a micrometer
in size, and the film contained no secondary phases. The oxidation states of the copper
and indium were confirmed as Cu(l) and In(111) using XANES. The copper and indium

were also determined as being in 4-coordinate tetrahedral systems.
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A ClISe film that had been contaminated by sulfur was also investigated. The CISSe final
composition ratio was found to be 1.09:1.00:0.824:0.317 for Cu:In:Se:S. The XRD and
EXAFS data through the k- and R-space revealed that the sulfur intercalates into the CISe
crystal structure to form CISSe in a ratio of 7.5:1 for Se:S. Sulfur substitutes selenium in
the crystal structure which shrinks the lattice parameters from the 5.79 A and 11.64 A in
the C1Se sample to 5.83 A and 11.69 A in the CISSe. The sulfur substitutions are
compensated by the lattice in two ways: first, the Cu — Se bond lengthens from 2.39 A to
2.45 A, and second, indium is substituted for copper. This was determined by the
mismatch of the Cu — In bond length determined between copper and indium’s FT spectra
(Cu—1In, 4.00 A and In- Cu, 4.29 A). This means indium is more disordered as it
substitutes at copper sites in the crystal lattice, and is the primary compensator for the
sulfur substitution. The formation of CISSe is still uncontrollable, and more work may
need to be done on controlling how the sulfur incorporates into the lattice so that the

highest possible efficiency can be achieved.

Finally, a full device was fabricated using the structure of Mo/CISe/CdS/ZnO/Al:ZnO/In.
The efficiency was low; possibly due to the morphology of the CISe film. If this issue

can be fixed then this method has great potential in commercializing C1Se solar cells
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I Concluding Remarks and Future Outlook

7.1 Concluding Remarks

This research focused on creating low-cost and environmentally-friendly methods to
produce CulnS; (CIS) and CulnSe, (CISe) films for use in solar cells. The development
of two distinct methods of fabricating the light-absorbing layer were explored:
electrochemical deposition of Cu and In followed by an annealing/selenization process,

and nanocrystal (NC) fabrication and deposition.

Photoelectrochemical (PEC) measurements were employed as a measure of the quality
of the films based on the amount of photocurrent produced. In this way, the films were

optimized to produce the largest amount of photocurrent possible.

CIS NCs were fabricated using a simple solvothermal method that was performed at a
low temperature in ambient atmosphere. These NCs produced a high photocurrent
without any toxic conditions or post-processing at high temperatures. This was due to the
use of a short-chain capping ligand with a pyridimine ring that could facilitate electron
movement. Using PEC measurements, the starting conditions were optimized for both the
amount of photocurrent produced, and the relative speed of the photoreactions. The CIS
NCs were found to be in the chalcopyrite phase, and the atoms were in the following
oxidation states: Cu(l), In(111) and S*. The NCs sizes were around 2 nm, but they

conglomerated into larger structures promoting electron transport through the film.

The CIS NCs were probed with synchrotron radiation. It was concluded that they were
free from secondary phases, and that the NCs that produced the highest photocurrent had
a uniform crystal lattice with less intrinsic defects. The capping ligand bonded to the NCs
via its terminal sulfur, the pyrimidine ring, or both. The bond through the thiol cannot be
too strong as this was observed to decrease the photocurrent produced by the NCs. The
pyrimidine ring donated electron density to the high-photocurrent CIS NCs and the
interaction was much stronger in NCs that demonstrated a large photocurrent.



122

A CIS NC monolayer on a metal oxide back contact was created to explore the
photoelectrochemistry of the CIS NCs. Using a linker molecule (3-
mercaptopropyl)trimethoxysilane (MPTMS), the surface of a fluorine-doped tin oxide
coated piece of glass was functionalized. The CIS NCs then associated with the MPTMS
through the terminal sulfur creating a monolayer of CIS. The photocurrent observed from
this film of CIS was on the same order of magnitude as that observed from a CIS film
that was 1 to 2 um thick. This is due to a more efficient capture of the photogenerated
electrons by the MV#*, leading to an increased speed of the photoreactions. XANES
confirmed that the MPTMS linked CIS NCs have no structural changes compared to the
CIS NCs alone.

Post processing of the CIS NC film revealed that a low-temperature (250 °C) heating
under inert atmosphere produced a photocurrent enhancement. This temperature was a
balance between several factors. It increased the grain size and crystallinity of the NCs,
without being so high as to increase cracks and burn off the capping ligand. When CdS
was added and this low-temperature annealing step was performed, an increase in
photocurrent was observed. When a further layer of CdS was added, a significant
increase in photocurrent was achieved. This is due to crack filling and a more
homogenous distribution of the CdS. The post-synthetic annealing process increased the

photocurrent so substantially that its benefits may significantly outweigh its cost.

Electrochemical deposition (ECD) of copper and indium followed by selenization in a
vacuum furnace to form CulnSe, (CISe) directly on the back contact was the final
investigation in this work. CISe fabricated using this method produced the highest
photocurrents out of all the different techniques discussed in this work. The material
produced from an indium-rich starting ratio produced the highest photocurrent, and a
pure phase ClSe film. ECD produced a highly-crystalline, relatively-homogenous ClSe
layer that, when incorporated into a full device, produced an efficiency of 0.01%. The
effect of sulfur incorporation into the CISe crystal lattice through S substituting for Se
was investigated using XRD and EXAFS. While Culn(S,Se), has many advantageous
properties, the sulfur intercalation into the film may need to be better controlled before its

full potential for solar cell development can be realized.
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Solar cells are poised to become a main source of energy for the world. The global
abundance of solar energy makes it a great candidate to be a worldwide renewable
energy. This work on CIS/CISe light-absorbing films has delved into methods and
techniques that have the potential to significantly reduce the costs associated with this
technology, whilst keeping them environmentally friendly. The NC synthesis is carried
out in normal atmosphere, at low temperature, and does not use any toxic solvents or
conditions. It creates pure-phase CIS NCs that can be easily incorporated into a variety of
different deposition techniques. Some of these techniques include inks for deposition,
linking the NCs to the surface using MPTMS, and spin coating a dispersion of the NCs
onto the substrate. The ECD of a Cu/In bilayer followed by annealing and selenization

uses easily scalable methods and produces a low amount of waste.

7.2 Future Work

The next big step to pursue in this research is to build full devices incorporating all of the
optimized CIS and CISe techniques that were developed in this thesis. The CIS NCs
require further optimization to produce solar cell devices with an appreciable efficiency.
The uniform deposition of the NCs and further investigation into how each additional
layer addition affects the NC layer is needed. Investigation into the individual
heterojunctions with regards to morphology, lattice matching, and the conditions for a
more efficient electron transfer may provide more information on how to increase the
efficiency of the final device. Investigations how each layer added affects the resistivity
of the device could be performed. The substitution of the CdS buffer with a Zn(0O,S) film

would make the solar cells even more environmentally sustainable.

Further development of the ECD process needs to be completed to achieve a higher
efficiency from CISe and the removal of the less dense surface structures to obtain a
better contact between layers. The ECD of the more inexpensive CIS is required to
further reduce costs associated with this technology. The photocurrents observed from
these films are still not as high the ones produced by the CISe, most likely due to the lack
of adhesion on the CIS to the molybdenum. The parameters of the sulfurization process
need further optimization to overcome this issue The process for the sulfurization of the

metallic stacks to create the lower cost CIS may need considerable work to find the
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conditions that produce a film that shows photocurrent which is comparable to the ClSe

films.

The low-cost, non-toxic techniques developed in this thesis will reduce the costs
associated with producing solar cells, making their large scale implementation closer to a
reality. If this is accomplished, the global reliance on fossil fuels and the resulting

devastation to our planet can be eliminated.
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Figure S3.1. a) TEM image of the high photocurrent CIS nanoparticles b) size
distribution of the CulnS; nanoparticles determined from TEM.
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