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Abstract
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As interest continues to grow in new materials for next-generation photovoltaic (PV)
devices (i.e. solar cells), it is important to understand the mechanisms and limitations of
promising materials. Many researchers are focused on the use of semiconductor nanocrystals
(NCs) in PV devices because of their potential to be deposited in thin films via solution, which is
more cost-effective than traditional methods. This study focuses on CulnSe2 (CISe) NCs, which
are part of a larger class of materials known as CulnxGal-xSe2 (CIGS). CIGS is well-known in
the PV industry, especially for its use on flexible substrate materials, which have significant cost
and processing advantages over traditional, bulky, glass-based solar cells. However, defects
within or on the surface of the CIGS NCs limit the movement of holes and electrons, affecting
the ability of the NCs to extract charge carriers; these defects ultimately result in lower-
efficiency PV devices. The purpose of this study is to better understand the defects within CISe
NCs by coating them with ZnS shells. A Zn-based shell was successfully formed around a ClISe
NC without compromising the integrity of the CISe NC. The shell also successfully passivated
the surface defects and increased the efficiency of the CISe NCs. By creating luminescent ClSe-
based core/shell NCs, this study examines the nature of CISe NC defects and the implications of
these defects on the future of CISe in the PV industry.
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1. Introduction

11 INTRODUCTION TO PHOTOVOLTAICS

Photovoltaic (PV) devices, also known as solar cells, convert sunlight directly to
electricity. The environmental, economic, technical, and political benefits of sunlight as a free
and widely available energy resource have long been clear and well-documented. As concern
grows over environmental impact, depletion of traditional nonrenewable energy sources, and an
increase in the energy usage of developing countries, it becomes more important to utilize solar
energy. > However, the high costs of solar energy technologies relative to conventional energy
technologies continue to limit its use; in 2010, solar energy met less than 0.1% of U.S. electricity
needs. ' * The U.S. Department of Energy (DOE) estimated that if the price of solar energy
decreased 75% between 2010 and 2020 to about $1 per Watt of electricity generated ($1/W),
solar energy could become a significant part of the U.S.’s energy future, meeting 14% of U.S.
electricity needs by 2030 and 27% by 2050. * ® These estimates depend upon technological

advances to address existing challenges, including the tradeoff between cost and efficiency. *

1.2 DEVICE PHYSICS

PV devices utilize the electrical properties of semiconductors when exposed to light. The
most common model to explain these properties is the band model, in which a solid material is
described as consisting of two energy bands, or groups of closely spaced electron states,
separated by a band gap. > The lower energy band is called the valence band, and the higher
energy band is called the conduction band (see Figure 1.1). ° The band gap, Eg, represents the
minimum amount of energy needed to promote an electron from the valence band to the

conduction band. When an electron is promoted to the conduction band and becomes a free



electron, a corresponding positively-charged hole is formed in the valence band. ® Therefore,
when light strikes a semiconductor material, all wavelengths of light corresponding to energies

>Eq will create free electrons, which in turn can create a current and produce electricity.
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Figure 1.1. Energy level diagram of semiconductor materials. Eg, or forbidden gap, is
also referred to as the band gap in this paper, and the conduction and valence bands are also
known as E¢ and Ey, respectively. ®

A solar cell consists of two contact layers separated by a light-absorbing semiconductor
layer, where one contact layer is optically transparent to allow light through (see Figure 1.2A).
Semiconductors are often classified as p-type or n-type; p-type materials contain more holes than
electrons, and n-type materials contain more electrons than holes. A piece of a semiconductor
can be doped with other materials so that within the same piece, one side is n-type and the other
side is p-type. > When this happens, a p-n junction is formed where the n-type and p-type sides
meet, and creates an electric field that pushes free electrons in the direction of the n-type side,
and holes in the direction of the p-type side (see Figure 1.2B). The continuous flow of free
electrons ensures a consistent photocurrent and source of electricity. * The p-n junction can also
be emulated by interfacing a p-type material with an n-type material to form a heterojunction.
The semiconductor layer in a solar cell contains either a p-n junction or a heterojunction; the

latter is shown in Fig. 1.2A.
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Figure 1.2. (a) A PV device layer consisting of a heterojunction between n-type and p-type
nanocrystals, sandwiched between a top transparent contact and a bottom metal contact. (b)
Energy level diagram of a p-n junction, where the electrons and holes move out of the p-n
junction to create a photocurrent. ’

Although many different kinds of efficiencies are used to evaluate semiconductor
materials for photovoltaic applications, the general efficiency of any device typically refers to its
power conversion efficiency (PCE, n). PCE measures how much of the solar energy coming in is
actually converted to electricity by the device, as shown in Equation 1, where Ppna is the

maximum power output of the device and Pj, is the power provided by the sun, typically 100

mwW/cm?.

Pmax
n=-= 1)

Pin
Due to spectrum losses, blackbody radiation, and recombination, it is impossible for any
device to achieve 100% efficiency. The actual efficiency limit of single-junction solar cells is
known as the Shockley-Queisser limit. ® Spectrum losses and blackbody radiation are out of the
scope of this thesis, but efficiency losses occur when electron-hole pairs recombine before
current is collected from the electrons. ® There are three types of recombination — radiative,
Auger, and defects — but this thesis focuses on recombination through defects, or trap states,

which can occur when impurities within the material or on the surface of the material create



energy levels in the band gap, allowing electrons first to relax to the defect energy level, and then
to recombine with the hole at the valence band (see Figure 1.3).° In comparison, when radiative
recombination occurs, the electron relaxes directly to the valence band, and the difference in
energy is given off as a photon, resulting in luminescence. Defects make it easier for
recombination to occur before any current is collected from the electron, and result in non-

luminescent recombination because the electron does not relax directly to the valence band. ®

Conduction .
Band %

Valence =
Band

Figure 1.3. A defect, or trap state, creates a new energy level in the band gap that results in
recombination efficiency losses.
The more defects there are, the greater the chances of recombination through defects occurring,

and therefore the lower the overall efficiency. ®

1.3 SILICON PHOTOVOLTAICS

Since Bell Labs developed the first modern solar cell in 1954 by using the p-n junction in
silicon, silicon has been the dominant technology in PV devices.® The current record efficiency
is 25.6% for a single-junction crystalline silicon solar cell, and 22.9% for a crystalline silicon
module (i.e. a commercial solar panel). ® In comparison, the Shockley-Queisser limit for silicon

is 32.7%, but 29% is considered a more practical limit. * As the efficiency of silicon modules has



increased, the cost of production has decreased from around $2/W to just under $1/W in the last
few years.

Silicon-based technologies currently comprise about 90% of the PV market, with thin-
film technology accounting for the other 10%.'° Due to the maturity and dominance of silicon,
most existing power electronics (to convert the generated DC electricity into AC electricity for
consumption or transmission) and balance of systems (the rest of the components and procedures
to complete the system, including installation and permitting costs) were designed with silicon
technology in mind. * In order for other technologies to make significant gains in the PV market,
they must be significantly cheaper to produce on a per Watt basis, or reduce balance of systems
costs while still achieving commercially viable efficiencies. »* * Therefore, it is important to
understand the mechanisms and limitations of promising materials and technologies that have the

potential to reduce costs and fuel the growth of solar energy.

14 CUINSE; NANOCRYSTAL PHOTOVOLTAICS

Thin film and nanocrystal photovoltaics offer one promising alternative to silicon-based
technologies because they utilize materials that absorb light better than silicon, and therefore
thinner semiconductor layers are needed. As the amount of materials required to build solar cell
layers decreases, a thinner substrate, or solar cell base, may also be used. New technologies have
begun exploring thinner, cheaper, and flexible plastic substrates instead of the traditional glass
substrates. **'*2 Thin film solar cells have achieved efficiencies that are comparable to silicon,
with record efficiencies of over 20% for CIGS and CdTe. **** However, despite the savings in
materials, the processing costs of thin film materials are still too high to pose a significant

challenge to silicon’s dominance. The main distinction between thin film and nanocrystal



photovoltaics is that thin film solar cells still utilize bulk semiconductor materials, just in smaller
quantities, while nanocrystal photovoltaics use semiconductor nanocrystals inks. " *°

One of the key differences between bulk and nanocrystal semiconductors is that when
nanocrystals are smaller than approximately 10 nm, they enter the range of quantum confinement,
where the energy band gap begins to increase as the nanocrystal size decreases. The continuous
conduction and valence energy bands also begin to separate into discrete energy levels (see

Figure 1.4). *° Nanocrystals smaller than 10 nm and quantum confined are also referred to as

quantum dots (QDs).
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Figure 1.4. An illustration of how the electronic structure of a semiconductor changes due to
quantum confinement. The energy levels go from one continued energy band to quantized energy
levels that shift with size.

Some of the most well-studied nanocrystals include CdTe,*** Cu(ln,Ga)Se, (CIGS),
Cux(Zn,Sn)S, (CZTS), # Cus,S, ?* PbSe, ? and PbS. * This thesis focuses specifically on CulnSe,
(C1Se) NCs, which are a subgroup of CIGS NCs. CIGS is widely used and studied for solar cells
because it absorbs light very well, is stable in light, and has a tunable band gap (1.04-1.68 eV,

depending on the Ga content). ” This band gap is important because it is within the optimal band

gap range for all single junction PV devices of 1.3-1.4 eV. % The band gap of bulk CISe is 1.04



eV, but as discussed above, synthesizing CISe QDs can bring the band gap of the CISe QDs
closer to 1.3-1.4 eV.” Out of all of the nanocrystals that have been studied for PV applications,
only CdTe-based devices have a higher efficiency than C1GS-based devices. ****

However, CISe PV devices made with spray-coated NCs in ambient conditions have
exhibited significantly lower efficiencies (3%), due in part to relatively poor electron and hole
transport and extraction. 2 While these properties have generally been attributed to bulky ligands,
it has been well documented that defects within CISe are to be expected. %" % One of the reasons
for these defects is that CISe tolerates a large range of off-stoichiometry without a significant

effect on the electronic properties of CISe, creating many opportunities for defects to form. % *

15 CORE/SHELL NANOCRYSTALS

With such small nanocrystals, the surface area to volume ratio is very high, so the surface
properties of semiconductor nanocrystals have significant implications on the properties of the
NCs as a whole. The surface states of NCs have been known to have poor photostability and
quantum efficiency, suggesting that there are trap states, or defects, on the surface resulting in
non-radiative recombination. ** Consequently, these surface defects reduce the fluorescence
quantum yield (QY) of the nanocrystals, leading to the use of QY as a measure of the effective
passivation of surface defects. *** One strategy to account for these surface defects is to grow a
shell of a second semiconductor material around a core of the original NC, thereby passivating
the surface defects of the core NCs and increasing the luminescence of the NCs. ¥ 3* As a
physical barrier, a shell also serves to protect the core from surface chemistry, photo-oxidation,
and environmental changes. * Core/shell nanocrystals can be classified based on their energy-

level alignment, which depends on the interaction between the core and shell materials. *



Because the addition of a shell can significantly increase the fluorescence QY of the core

nanocrystal, core/shell NCs have primarily been studied for biological labeling, medical imaging,

and light-emitting diodes. *%

Although there has been some research on using core/shell nanocrystals for the
transparent conducting oxide layer in solar cells, * and CdTe/CdSe and CdSe/ZnTe NCs for
potential PV device applications, *° there have been no significant developments in core/shell

NCs for PV applications in over a decade. However, more recent studies on core/shell NCs have

utilized materials that are also studied for PV applications, including CulnS, and CdTe. 3 3 %7

Current synthesis methods for CISe nanocrystals produce weakly luminescent NCs, suggesting

that surface defects may be present. 2 *! Previous research on defects in CISe NCs has not made

27-30

the distinction between surface and internal defects, and what little research there is on

ClSe-based core/shell NCs has focused on biolabeling and imaging applications. “**



2. Objectives and Overview
CISe PV devices made with spray-coated nanocrystals in ambient conditions provide
many advantages from cost and processing perspectives in comparison to CISe PV devices made
with bulk CISe. "> However, the low efficiencies achieved with spray-coated NCs thus far limit
the commercial viability of these devices. *° Although defects in CISe NCs have been

27-30 and

documented before, research has not delineated between surface and internal defects,
studies using core/shell NCs have not focused on Cl1Se-based NC, nor on utilizing core/shell NCs
for photovoltaics. ** ** Creating ClSe-based core/shell NCs serves a two-fold purpose: 1) the
photoluminescence (PL) of the core/shell NCs can be compared to the PL of the CISe NCs to
determine whether the shells passivated the surface defects and therefore increased the efficiency
of the CISe NCs; and 2) the internal defects of the CISe NCs can be characterized without
compromising the integrity of the NCs. This thesis aims to use ClSe-based core/shell NCs to
examine the nature of CISe NC defects and the implications these defects may have on the future
of CISe in the PV industry.

Chapter 3 provides an overview of the methodology used to synthesize ClSe/ZnS
core/shell nanocrystals and the techniques and instrumentation used to characterize the core/shell

nanocrystal properties. Chapter 4 discusses the data and its implications. Chapter 5 provides

overall conclusions and future directions for this research.



3. Experimental Methods
3.1 MATERIALS

The following table displays the list of chemicals used, their purity, and their source.

Table 3.1. Purity and sources of materials used.

Chemical Purity (%) Source

Copper (1) chloride (CuCl) 99.99 Aldrich Chemical Co.
Selenium (Se) 99.99 Aldrich Chemical Co.
Zinc stearate (Zn stearate)  Technical grade Aldrich Chemical Co.
Diphenyphosphine (DPP) 98% Aldrich Chemical Co.
1-Dodecanethiol (DDT) >98 Aldrich Chemical Co.
Trioctylphosphine (TOP) 97% Aldrich Chemical Co.
Octadecene-1 (ODE) 90% Aldrich Chemical Co.

Indium (I11) chloride (InCl5) 99.99 Strem Chemical

Oleylamine (OLA) N/A TCI America or Aldrich Chemical Co.
Toluene 99 Fisher Scientific
Ethanol (EtOH) Absolute Fisher Scientific

Prior to use, oleylamine from Aldrich was degassed overnight under vacuum at 110°C.
All other chemicals were used as received without further purification or modification.
Trioctylphosphine, diphenylphosphine, and degassed oleylamine were stored in an N,-filled
glovebox. Copper (1) chloride, indium (111) chloride, and 1-dodecanethiol were stored in a

dessicator.
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3.2 CUINSE; NANOCRYSTAL SYNTHESIS

This procedure was based on a CISe synthesis procedure previously developed by other
researchers in this group. ® In ambient conditions, 2 mmol of CuCl, 2 mmol of InCls, and 20 mL
of OLA were added into a 3 neck flask with a stir bar. The DPP:Se solution was made separately
by mixing 2 mmol of Se with 2 mL of DPP, and diluted with 2 mL of OLA. The flask was sealed
with septa and wire, and attached to a Schlenk line equipped with a stir plate and a heating
mantle. The reaction mixture was stirred and heated to 110°C under vacuum for at least an hour,
until the mixture was a light yellow color. The flask was then backfilled with nitrogen and heated
to 150°C. When the solution temperature was stabilized at 150°C, the DPP:Se solution was
injected, forming a dark brown or black solution, and the reaction continued for one hour at

150°C (see Figure 3.1).

N, Backfill E:)

4 mmol Se

2mL OLA
2 mL DPP
2 mmol CuCl
2 mmol InCl,4 150 C for 60 min
20 mL OLA

Figure 3.1. Diagram of the DPP injection, CulnSe;, nanocrystal synthesis method.

After an hour, the solution was separated into two centrifuge tubes, and the nanocrystals
were precipitated out of solution by adding 20 mL of ethanol to each tube and centrifuged at
6000 RPM for 5 minutes. The supernatant was discarded and the precipitate was redispersed by
adding 10 mL of toluene to each tube, mixing for less than a minute on a vortex mixer, and

sonicating in a water bath for 5 minutes. Poorly-capped NCs were then precipitated out of

11



solution by centrifuging at 6000 RPM for 5 minutes. The supernatant was transferred to new
centrifuge tubes, and ethanol was added slowly until the first NCs began to precipitate out of
solution (usually 10-15 mL). The mixture was then centrifuged again at 6000 RPM for 5 minutes,
and the supernatant was discarded. The precipitate (the CISe NCs) was redispersed in toluene
and sonicated for 15 minutes in a water bath. The solution was dried on a rotovap to measure the
yield, redispersed again in enough toluene to make a concentration of 50 mg CISe/mL solution,

and stored in an N-filled glovebox.

3.3  ZNS OVERCOATING

This procedure was based on an overcoating procedure developed to put ZnS and CdS
shells on a CulnS; core. * To prepare the CISe NCs, 1 mL of the 50 mg CISe/mL solution was
removed from the glovebox and mixed with 10 mL of ethanol. The mixture was centrifuged at
6000 RPM for 5 minutes to precipitate the NCs out of solution. The supernatant was discarded
and the precipitate was redispersed in 1 mL of DDT and diluted with 4 mL of ODE. This
solution was then transferred to a 3 neck flask with a stir bar, sealed with septa and wire, and
transferred to a Schlenk line equipped with a stir plate and heating mantle. The ZnS precursor
solution was prepared separately by mixing 1.13 mmol of Zn stearate with 1.13mLofal1M S in
TOP solution and diluting with 11.3 mL of ODE. The reaction mixture was degassed three times,
then backfilled with nitrogen and heated to 210°C. When the mixture temperature was stabilized
at 210°C, the ZnS precursor solution was slowly injected into the flask at a rate of 12 mL/hr (see

Figure 3.2).

12



N, Backfill

E> 12 mL/min

stearate

1.13 mmol S
1.13 mL TOP
11.3 mL ODE

0.15 mmol CISe
4 mL DDT
1 mL ODE 210C

Figure 3.2. Diagram of the slow injection ZnS overcoating procedure.

After the ZnS precursor solution was completely injected, the reaction solution was
separated into two centrifuge tubes and 20 mL of ethanol was added to each tube before
centrifuging at 6000 RPM for 5 minutes. The supernatant was discarded and the precipitate was
redispersed in 10 mL of toluene, mixed on a vortex mixer for less than 1 minute, and sonicated in
a water bath for 5 minutes. Poorly-capped NCs were then precipitated out of solution by
centrifuging at 6000 RPM for 5 minutes. The supernatant was transferred to another centrifuge
tube, and ethanol was added slowly until the first NCs began to precipitate out of solution
(usually 15-20 mL). The mixture was then centrifuged at 6000 RPM for 5 minutes. The
redispersion of the precipitate in toluene, crashing out of poorly-capped NCs, and washing in
ethanol were all repeated two more times before the nanocrystals were again redispersed in

toluene, sonicated for 15 minutes in a water bath, and stored in an N-filled glovebox.

3.4  OTHER SAMPLES
To redisperse CISe in DDT in a manner similar to the overcoating procedure, 0.5 mL of
the 50 mg CISe/mL solution was removed from the glovebox and mixed with 10 mL of ethanol.

The mixture was centrifuged at 6000 RPM for 5 minutes to precipitate the NCs out of solution.

13



The supernatant was discarded and the precipitate was redispersed in 0.5 mL of DDT and diluted
with 2 mL of ODE. Only 10 mL of ethanol was added instead of 20 mL, but otherwise the
washing method for the overcoating procedure was repeated.

To simulate a situation in which only the zinc reacted to form a zinc-based complex on
the surface of the nanocrystals, 0.5 mL of the 50 mg CISe/mL solution was removed from the
glovebox and mixed with 10 mL of ethanol. The mixture was centrifuged at 6000 RPM for 5
minutes to precipitate the NCs out of solution. The supernatant was discarded and the precipitate
was redispersed in 0.5 mL of DDT and diluted with 2 mL of ODE. The Zn precursor consisted of
0.56 mmol of Zn stearate mixed with 5.6 mL of ODE, and the Zn precursor was added to the
solution before sonicating the solution for around 30 minutes. Only 10 mL of ethanol was added

instead of 20 mL, but otherwise the washing method for the overcoating procedure was repeated.

3.5  SAMPLES AND PROCEDURAL MODIFICATIONS

Two batches of CulnSe, nanocrystals were made using the same procedure described
above with two specific modifications. The scale of the first batch, ‘CISe (23 Jan)’, was double
the procedure, so the target was 4 mmol of CISe instead of 2 mmol. The second batch, ‘CISe (16
Feb)’, was made using Aldrich oleylamine instead of the TCI oleylamine used for the first batch,
due to material and time constraints. ‘CISe/ZnS (4 Feb)’, ‘CISe/ZnS (6 Feb)’, and ‘CISe/ZnS (11
Mar)’ were all made using CISe (23 Jan) as the core, and ‘CISe/ZnS (23 Feb)’ was made using
ClISe (16 Feb) as the core. ‘CISe/DDT (8 Apr)’ and ‘CISe/DDT/Zn (3 Apr)’ were also made

using CISe (23 Jan) (see Figure 3.3).
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—1 CISe/ZnS (4 Feb)

—| CISe/ZnS (6 Feb)

ClSe (23 Jan) CISe/zZnS (11 Mar)

— CISe/DDT (8 Apr)

—{C1Se/DDT/Zn (3 Apr)

ClSe (16 Feb) ClSe/ZnS (23 Feb)

Figure 3.3. Diagram of the samples associated with each core CISe nanocrystal sample.

CISe/znS (6 Feb) and CISe/ZnS (23 Feb) were both coated using the same procedure
described above with no deliberate modifications, but CISe/ZnS (4 Feb) was coated with half of
the quantity of ZnS precursor described in the procedure, so a thinner shell is expected. Due to
limited quantities, not every sample was tested using every characterization technique, but the

trends within each set of samples were expected to be consistent within other sets of samples.

3.6 CHARACTERIZATION TECHNIQUES

UV-Vis-NIR absorbance data were taken using a Cary 500 spectrophotometer.
Photoluminescence data were taken using a Fluorolog3 fluorimeter with a single grating Czerny-
Turner IR emission spectrometer. XRD was collected on a Rigaku R-Axis Spider diffractometer
equipped with a Bruker Sol-X Si(Li) solid state detector and 1.54 A radiation (Cu Ko). Data

were collected at 0.01 increments of 20 at a scan rate of 6°/min. Transmission electron
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microscope (TEM) images were collected with a FEI Tecnai G2 Spirit BioTwin microscope
operating at 80 kV. High resolution transmission electron microscope (TEM) images and energy-
dispersive X-ray spectrometry (EDS) data were collected with an Oxford INCA EDS dectector
on a JEOL 2010F microscope. X-ray photoelectron spectrometry (XPS) data were taken with a

Kratos Axis Ultra DLD x-ray photoelectron spectrometer.
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4. Results and Discussion

4.1  CISE/ZNS NANOCRYSTAL SIZE AND QUANTUM CONFINEMENT

TEM images were taken to visually determine the physical characteristics of the
nanocrystals, including the size. The overcoating procedure led to a significant increase in the
size of the NCs relative to the CISe NC baseline for one set of samples, while another set of
samples had an insignificant increase in size. The amount of ZnS precursor was calculated to
produce a shell with a thickness of approximately 1 nm, so the expected total difference in size is
2 nm. The average differences in the size of the CISe particles before and after the overcoating
procedure were 1.20+0.36 nm [CISe (23 Jan)] (see Figure 4.1) and 0.09£0.31 nm for [CISe (16

Feb)] (see Figure 4.2).

Figure 4.1. TEM images with a 50 nm scale. (a) CISe (23 Jan), with an average nanocrystal size
of 4.73£1.07 nm and some aggregation of particles. (b) C1Se/ZnS (6 Feb), with an average
nanocrystal size of 6.93£0.92 nm. Aggregation of particles is present, and the image looks “dirty”

due to leftover organic residue that was not completely removed by the washing procedure.
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Figure 4.2. TEM images with a 50 nm scale. (a) CISe (16Feb), with an average nanocrystal size
of 3.89+£0.85 nm, and some aggregation of particles. (b) CISe/ZnS (23Feb), with an average
nanocrystal size of 3.97+0.99 nm.

There was a definite increase in the size of the nanocrystals before and after the
overcoating procedure on the CISe (23Jan) samples, but not on the CISe (16 Feb) samples. This
result suggests that the ZnS precursor may have formed shells around the CISe NCs, but not
uniformly. It is possible that the original CISe NCs were etched when redispersed in DDT, which
would result in smaller NCs, and when the shell formed, it made up for the difference in size
before and after the original NCs were etched. Another explanation for the discrepancy between
the expected and actual differences in size is excess ZnS precursor that did not react to form part
of the shell during the overcoating reaction, or was removed from the surface of the shell during
the washing process. Although high-resolution TEM (HR TEM) was utilized to try to provide
clearer images than those provided in Figures 4.1 and 4.2, there were issues with drift in the HR
TEM that resulted in pictures that were less clear than those obtained with the low-resolution
TEM.

To verify that the CISe nanocrystals were not significantly affected by the overcoating
procedure, UV-Vis absorption spectra of the samples were taken (see Figures 4.3 and 4.4).
Because the band gap of bulk ZnS is 3.68 eV, which corresponds to an absorbance spectra
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starting around 337 nm, ZnS cannot be detected when ClSe is also present, because bulk ClSe
has a band gap of 1.04 eV, which corresponds to an absorbance spectra starting at 1190 nm.
Therefore UV-Vis was not a good technique to determine the presence of ZnS, but if the ClISe
NCs were compromised by the overcoating procedure, it would be expected that the absorbance
spectra of the CISe NCs before and after the overcoating procedure would be different.
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Figure 4.3. UV-Vis absorption spectra of CISe (23 Jan), CISe/ZnS (4 Feb), CISe/ZnS (6 Feb),
ClSe (16 Feb), and CISe/ZnS (23 Feb).
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Figure 4.4. UV-Vis absorption spectra of CISe (23 Jan), CISe/ZnS (11 Mar), C1Se/DDT/Zn (3
Apr), and CISe/DDT (8 Apr).
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For all of the CISe/ZnS samples with a CISe (23 Jan) core, there were no significant
differences between the UV-Vis spectra for the CISe/ZnS samples and the CISe (23 Jan) sample.
The UV-Vis spectra also suggests that the band gap for all of these samples is around 1080 nm,
based on where the absorption peak begins. In Fig. 4.3, the spectra for the ClISe (16 Feb) sample
and its corresponding CISe/ZnS (23 Feb) differ noticeably from the other samples, mainly with
regards to the shoulder in the peak, and where the absorption peak begins. These differences are
both attributable to changes in the NC size.

Due to quantum confinement, when the nanocrystal size decreases, the band gap
increases, so the wavelength where the absorption peak begins would be expected to decrease,
because band gap energy and wavelength are inversely proportional to each other. As seen in
Figures 4.1 and 4.2, the CISe (16 Feb) sample was smaller than the C1Se (23 Jan) sample, so the
UV-Vis spectra confirms that the NCs were small enough for quantum confinement to occur.
The other benefit that quantum confinement, in conjunction with UV-Vis, offers is that it makes
it clearer that the CISe/ZnS (23 Feb) NCs are larger than the CISe (16 Feb), which was not clear
from the TEM images. The CISe (16 Feb) spectra blue-shifted — which means the spectra shifted
to smaller wavelengths and thus a higher energy band gap — more than the CISe/ZnS (23 Feb)

spectra, providing clearer evidence that the overcoating procedure increased the size of the NCs.

4.2  CISE/ZNS NANOCRYSTAL SHELL GROWTH

In order to verify that the CISe nanocrystals were not compromised by the overcoating
procedure, and that the increase in the size of the NCs was due to the addition of ZnS, XRD
patterns were taken of the samples. For all of the samples, the peaks in the XRD pattern

corresponded to the peaks expected for chalcopyrite CISe (a specific crystal structure for CISe),
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suggesting that the CISe synthesis did produce CISe NCs, and the overcoating did not affect the
ClISe core. However, there was no difference between the XRD patterns of the CISe samples and
the C1Se/ZnS samples, and no peaks that corresponded to the pattern for ZnS (see Figure 4.5).
While the lack of ZnS peaks could certainly mean that the increase in size was not due to the
addition of ZnS, it may also just be due to the thickness of the (presumed) ZnS shell. In order for
an XRD peak to be visible, there must be at least two atomic layers of the material available. The
average thickness of a ZnS monolayer is 0.31 nm, and the average thicknesses of the shells
formed were 0.60 nm and 0.045 nm, so even if a ZnS shell was present, the ZnS would most

likely not be detected by XRD.

ClSe (23 Jan)

ClSe /ZnS (4 Feb)

Intensity (arbg?g

ClSe /ZnS (6 Feb)

ClSe /ZnS (23 Feb)

I ZnS
| 1
Chalcopyrite ClSe

. (116,312)

| (112)  (204,220)
]
30 40 50
26(°)

Figure 4.5. XRD patterns of CISe (23 Jan), CISe/ZnS (4 Feb), CISe/ZnS (6 Feb), ClISe (16 Feb),
and C1Se/ZnS (23 Feb), with ZnS and chalcopyrite CISe reference patterns for comparison.

XPS, on the other hand, showed a clear difference between the samples with and without

shells (see Figure 4.6). Because XPS is an elemental analysis, the peaks do not correspond to

specific compounds, only specific elements. In the samples without a shell, there are definitive

peaks for copper and indium, and a peak that may be sulfur or selenium, because the sulfur and
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selenium patterns overlap very closely in XPS. However, there was no source of sulfur in the

ClISe synthesis procedure, so the peak most likely corresponds to selenium, as expected.

—— CISe 23-Jan
——CISe/ZnS 6-Feb $2s or Se 3s?
——CISe 16-Feb

—— CISel/ZnS 23-Feb
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Figure 4.6. XPS spectra of CISe (23 Jan), CISe/ZnS (6 Feb), CISe (16 Feb), and C1Se/ZnS (23
Feb). The peaks for CISe (23 Jan) and CISe (16 Feb) at around 250 eV marked “S 2s or Se 3s?”
IS presumed to be Se 3s.

In the samples with a shell, the copper, indium, and selenium peaks all disappear, and
peaks corresponding to zinc, oxygen, and carbon appear. The presence of the carbon peak
suggests that the washing procedure for the C1Se/ZnS nanocrystals was not sufficient to remove
all of the organic compounds. The presence of the oxygen peak indicates that the samples may
have oxidized when they were left in ambient conditions for a few days while waiting for testing,
but this explanation seems insufficient given the lack of a clear sulfur peak, which still should
have been present even if the ZnS oxidized. While the disappearance of the copper, indium, and
selenium peaks provide clear evidence that the CISe NCs were completely covered by another
Zn-based layer, it is still surprising that no clear copper, indium, or selenium peaks appear at all,

given the relatively small thickness of the outer shell.
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To further investigate these surprising discrepancies, a high-res TEM (HR TEM) was
used to perform an EDS analysis of the samples. Like the XPS, EDS is an elemental analysis,
and peaks in EDS spectra correspond to specific elements. EDS detected carbon, nickel, and
trace amounts of oxygen, but the TEM grids used consisted of a carbon film on a nickel grid, so
carbon and nickel are expected. Unwashed organics and trace amounts of oxygen that were
introduced into the EDS or oxidized the grids would also account for the presence of carbon and
oxygen. Therefore the final EDS results were corrected for the presence of carbon, nickel, and
oxygen, and only show the relative amounts of copper, indium, selenium, zinc, and sulfur
detected (see Table 4.1).

Table 4.1. HR TEM EDS results.

Element ClSe (23 Jan) CISe/ZnS (6 Feb) ClISe (16 Feb) CISe/ZnS (23 Feb)
Copper (atomic %) 34.45 11.88 32.55 17.93
Indium (atomic %) 28.94 9.95 28.30 15.53

Selenium (atomic %) 36.61 14.69 39.15 22.87
Zinc (atomic %) - 34.70 - 25.72
Sulfur (atomic %) - 28.79 - 17.96

Based on the chemical formula for CulnSe; and ZnS, a 1:1:2 ratio of Cu, In, and Se and a
1:1 ratio of Zn and S were expected, but these ratios were not verified by the EDS data. Before
correction, carbon and indium comprised 50-90% of the detected elements, so the detected
amounts of copper, indium, selenium, zinc, and sulfur were much smaller than the corrected
amounts shown in Table 4.1. At small concentrations, performing quantitative EDS analysis is
challenging, and any errors in the automatic peak identification software used for the analysis, or

in the conditions under which the analysis was performed, could have a significant impact on the
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final quantitative EDS results. * Therefore, the main purpose of EDS in this thesis was to verify
the presence of copper, indium, selenium, zinc, and sulfur in relatively appropriate proportions,
but not necessarily the exact chemical formula.

EDS confirmed the presence of copper, indium, and selenium in all of the samples,
although selenium was not detected in significantly larger quantities than copper. Similarly, in
the CISe/ZnS samples, although both zinc and sulfur were detected, more zinc was detected than
sulfur in both samples. It should also be noted that although copper, indium, and selenium were
already known to be in a nanocrystal structure, and zinc was only introduced to the zinc sulfide
precursor solution, another possible source of sulfur in the samples was DDT, which was used to
redisperse CISe NCs before adding the ZnS shell to help the formation of a ZnS shell on the
ClISe NC surface.

Because the results from XPS and HR TEM EDS were inconclusive, Raman
spectroscopy was also used to detect any signs of a ZnS shell and to confirm that the CiSe NC
cores were unaffected by the overcoating procedure. Raman is a more sensitive test than the

other two, so if ZnS was formed, it should be detected by Raman (see Figure 4.7).
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Figure 4.7. Raman spectroscopy data for (a) CISe (23 Jan) and C1Se/ZnS (6 Feb) and (b) C1Se
(16 Feb) and C1Se/ZnS (23 Feb). Only CISe peaks are visible in both spectra.

If there were any ZnS in the CISe/ZnS samples, a clear peak at around 355 cm™ would be
expected. Although the Raman spectra are noisy, there is no clear peak at around 355 cm™,
suggesting that whatever formed on the surface of the CISe NCs was not ZnS. Although there
are some minor changes in the Raman spectra for samples before and after the overcoating, they
are not significant enough to suggest that the CISe NCs were affected by the overcoated
procedure; the test is sensitive enough that some variability, even for the same sample, is
expected.

When the results from TEM, UV-Vis, XPS, HR TEM EDS, and Raman are all considered
together, they suggest that a Zn-based shell, between 0.045 and 0.6 nm thick, was formed
around core CISe NCs, and that the composition of the CISe NCs was not significantly
compromised by the overcoating procedure. The Zn-based shell was most likely not ZnS, and the
sulfur detected by the HR TEM EDS can be attributed to the presence of DDT, a sulfur-based

compound used to redisperse the CISe NCs before the overcoating procedure.

4.3  LUMINESCENT CISE-BASED CORE/SHELL NANOCRYSTALS

Although the exact composition of the presumed shell is difficult to verify, the presence
of a Zn-based layer nevertheless suggests that there may be a shell that passivated the surface
defects of the core CISe nanocrystal. The presence of surface defects can be related to the
photoluminescence of the NCs — the fewer surface defects, the more luminescent the NCs,
because the passivated surface defects allow for more efficient electron-hole recombination, as

discussed earlier.
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Next, CISe/DDT and CISe/DDT/Zn samples were made to test whether the overcoating
procedure had any significant impact on the passivation of surface defects, or if the procedure
was equivalent to simply mixing CISe with DDT and a Zn precursor in ambient conditions. The
photoluminescence (PL) of the prospective ClSe, CISe/ZnS, and CISe/DDT/Zn samples was
measured; the CISe/DDT sample was not measured because the CISe/DDT/Zn sample was the
most comparable to CISe/ZnS (see Figure 4.8).

—— CISe (23 Jan)

—— ClISe/ZnS (11 Mar)
J —— CISe/DDT/Zn (4 Apr)

T T T T 1
1000 1200 1400

Wavelength (nm)

Photoluminescence Intensity (arb. units)

Figure 4.8. Emission spectra of CISe (23 Jan), CISe/ZnS (11 Mar), and CISe/DDT/Zn (4 Apr),
with an excitation wavelength of 470 nm and integration time of 0.5 sec. The photoluminescent
peak occurs at 1080 nm.

The concentrations of all of the samples were approximated based on the UV-Vis spectra
(see Figures 4.3 and 4.4); as a general rule, the samples were diluted until the absorbance was
1.0+0.1 so that the luminescence of the samples could be compared equally. ClSe (23 Jan) had
no visible luminescence; while there was a broad peak at around 1100 nm for CISe/DDT/Zns.
However, the most luminescent sample was definitely CISe/ZnS, which had a clear peak at
around 1080 nm, which corresponds with the band gap energy given by UV-Vis (see Figures 4.3

and 4.4). The secondary PL peaks were due to a detector error, and were not actually a part of the
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true PL spectra for the samples. Similarly, the same trend occurred for the ClSe (16 Feb) and
ClSe/ZnS (23 Feb) set, where CISe (16 Feb) did not luminesce and CISe/ZnS (23 Feb)

luminesced at around 960 nm, which corresponds to the UV-Vis data (see Figure 4.9).

——CISe (16 Feb) 7
—— CISe/ZnS (23 Feb
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Figure 4.9. Emission spectra of CISe (16 Feb) and CISe/ZnS (23 Feb), with an excitation
wavelength of 470 nm and integration time of 0.5 sec. The photoluminescent peak is at 960 nm.

The strong luminescence of the CISe/ZnS samples, especially relative to the
CISe/DDT/Zn sample, indicates that the overcoating procedure did have a significant impact on

the passivation of surface defects, even if it did not produce the ZnS shell as intended.

4.4  PHOTOVOLTAIC DEVICES

One of the key reasons for investigating the defects of CISe nanocrystals is that they
lower the efficiency of ClSe-based devices. By passivating the surface defects, the efficiency of
ClISe-based devices would theoretically increase, but conversely, the ZnS shell used to passivate
the surface defects might inhibit the performance of the CISe NCs. Although device performance

was not a focus of this thesis, two devices were made using CISe (16 Feb) and C1Se/ZnS (23 Feb)
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to provide a preliminary data point for future investigations, and the device performance and
efficiency were evaluated (see Figure 4.10).

The ClISe device had an efficiency of 0.037% and the expected diode behavior under both
dark and light conditions, although it was significantly lower than the CISe device efficiencies of
2-3% previously achieved by other researchers in the group (see Figure 4.10A). % %
Unfortunately, visible cracks in the nanocrystal film on the CISe/ZnS device were noticed after
drying, and ultimately allowed the top and bottom contacts to touch, creating a shorted device,

which was reflected in the current-voltage plot for the device (see Figure 4.10B).
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Figure 4.10. Current-voltage plots showing the dark and light photovoltaic responses of
devices made with (a) ClISe (16 Feb) and (b) C1Se/ZnS (23 Feb).

The shorted CISe/ZnS device meant that no new information could be obtained about the
relative performance of a device with the addition of the ZnS shell, and due to a lack of resources,
a second set of devices could not be created. Nonetheless it should be remembered that the focus
of this project was not on the building, testing, or performance of devices, but rather

understanding the properties of the individual Cl1Se NCs.
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5. Conclusions and Future Directions

51  CONCLUSIONS

Although the benefits of solar energy have long been clear, the technology needed to
make solar energy a significant portion of the energy production in the United States is still being
developed, with most of the focus on advances in thin film and nanocrystal technologies. One
class of next generation PV materials being studied is CulnSe; (C1Se), which has many inherent
properties that make it a promising candidate for PV applications, but one of its limitations is the
presence of defects in CISe NCs, which lower the efficiency of CISe-based devices. Improving
the understanding of defects in CISe NCs could help increase the efficiency of ClSe, and
decrease costs, ultimately leading to broader commercialization of CISe NCs for PV applications.

Although the data suggest that some sort of Zn-based shell was successfully formed
around a core CISe nanocrystal without significantly impacting the core NC, the Zn-based shell
was most likely not the intended ZnS. However, the Zn-based shell was more substantial than
free Zn complexing on the surface of CISe, as evidenced by the luminescence of CISe NCs with
free Zn and CISe NCs with a Zn-based shell. The increased luminescence of the CISe/ZnS
samples provides evidence that the Zn-based shell successfully passivated many, if not all, of the

surface defects on CISe NCs.

5.2  FUTURE DIRECTIONS
To move forward with this project, it is important to find new ways to characterize and
identify the chemical structure of the shell that has formed around the core NC, since it does not

seem to be the intended ZnS. Another option is to try different materials, such as CdS, for the
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shell, but it is possible that the issue is the procedure, not the materials themselves, so the
overcoating procedure should also be revisited and refined.

Although this research demonstrated that the surface defects can be successfully
passivated with a shell, more work needs to be done to characterize internal defects. One method
to do this would be a lifetime measurement on the luminescent CISe/ZnS NCs relative to the
non-luminescent CISe NCs. Although this equipment was not immediately available at the
University of Texas at Austin because the luminescence occurred in the IR region, there are
resources to test this at Argonne National Laboratory, and there are most likely other options
nearby as well.

Finally, the ultimate goal of this research was to produce more efficient, commercially
viable CISe-based PV devices. Further testing is needed to understand how the size and
composition of a shell will affect the performances of ClSe-based PV devices, and to refine the

methodology to better control for the size and composition of a shell.
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