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ABSTRACT

Graeser, Brian K. M.S., Purdue University, May 2014. The Development of 6.7 %
Efficient Copper Zinc Indium Selenide Devices from Copper Zinc Indium Sulfide
Nanocrystals. Major Professor: Rakesh Agrawal.

As solar cell absorber materials, alloys of Culn(S,Se), and Zn(S,Se) provide an
opportunity to reduce the usage of indium along with the ability to tune the band
gap. Here we report successful synthesis of alloyed (CulnS3)o5(ZnS)os
nanocrystals by a method that solely uses oleylamine as the liquid medium for
synthesis. The reactive sintering of a thin film of these nanocrystals via
selenization at 500 °C results in a wuniform composition alloy
(Culn(S,Se)2)05(Zn(S,Se))os layer with micron size grains. Due to the large
amount of zinc in the film, the sintered grains exhibit the zinc blende structure
instead of the usual chalcopyrite structure of Culn(S,Se), films. The use of the
selenide films as a p-type absorber layer has yielded solar cells with total area
power conversion efficiencies as high as 6.7% (7.4% based on active area).
These preliminary results are encouraging and indicate that with further
optimization this class of materials has promise as the absorber layer in solar

cells.



CHAPTER 1.NANOCRYSTAL SYNTHESIS AND DEVICE FABRICATION

1.1 Introduction

One application of chalcogenide materials that has received a great deal of
attention has been using them to create absorber layers in solar cells. Materials
such as Culny,GaxSe; (CIGSe)(Guo, Ford, Agrawal, & Hillhouse, 2013; Todorov,
Gunawan, Gokmen, & Mitzi, 2013)(Guo et al., 2013; Todorov & Gunawan, 2012)
and CdTe(Gloeckler, Sankin, & Zhao, 2013) have been used for this purpose,
and are currently the most efficient thin film technologies. Efforts are being made
to reduce the amount of indium used to make the absorber film and to make it
earth abundant. Cu,ZnSnSe; (CZTSe)(Guo et al., 2010; Winkler, Wang,
Gunawan, Hovel, & Todorov, 2013) has received a lot of attention and has been
proposed as a solution to this problem since it is indium free, but this material
has been unable to reach the performance of the best CIGSe devices. One
possible explanation for this is the increased complexity of the quaternary
kesterite structure of CZTSe as compared to the tertiary chalcopyrite structure of

CIGSe.

In this paper we examined the use of an alloy of CulnSe; and ZnSe (CZISe)
as an absorber material for a solar cell. This alloy can have the binary zinc

blende structure depending on the ratio of ZnSe to CulnSe; in the final film. The



band gap of this material can also be adjusted by changing the ratio between the
CulnSe; and the ZnSe. The band gap can be changed from values as low as
1.05 eV(Ping, Guang-Xing, Zhuang-Hao, Xing-Min, & Dong-Ping, 2010) to values
as high as 2.67(Morkoc et al., 1994) eV, allowing for an optimal band gap to be
obtained by controlling the composition. A CZISe device will have a reduced
material cost when compared to a CIGSe device and an increased performance
when compared to a CZTSe device. This material has been successfully used for
other semiconductor purposes already, such as quantum dot light emitting
diodes(Xiang et al., 2013; J. Zhang, Xie, & Yang, 2011) and as a

photocatalyst(W. Zhang & Zhong, 2011).

We have been able to synthesize copper zinc indium sulfide (CZIS)
nanocrystals, and have used them to form copper zinc indium selenide (CZISe)
films. These films have been further processed into functional solar cells of
efficiencies reaching 6.7% based on total area. We have been able to synthesize
these films and convert them into full devices using similar methods to those that
have been used to create CIGSe(Guo et al., 2013) devices and CZTSe(Guo et
al., 2010) devices previously, hopefully allowing for CZISe to become a
replacement for both materials. This method involves sintering sulfide (CZIS)
nanocrystals in a selenium atmosphere at 500 °C to form a dense selenide film.
Nanocrystals were used to avoid using vacuum processing and insure that the

films are compositionally uniform at the nanoscale before the selenium treatment.



1.2 Synthesis of the Nanocrystals

Form the x-ray diffraction (XRD) pattern it can be seen that our synthesis
method produces the desired CZIS nanocrystals. Figure 1 shows the x-ray
diffraction (XRD) pattern for nanocrystals from our synthesis. The sample was
prepared on a molybdenum substrate, resulting in the two peaks at 40.5° and
73.7°. The peaks for the synthesized nanocrystyals fall in between the peak
patterns for CulnS (CIS) and ZnS. This would suggest that has lattice spacings
for the synthesized nanocrystals fall in between those for CIS and ZnS, and by
Vegard’s law, indicating that the material produced in this synthesis was an alloy
between CIS and ZnS, namely CZIS(Zhong, Feng, Knoll, & Han, 2003). The XRD
pattern also indicates a tetrahedral crystal structure. We hypothesize that the
structure is zinc blende which has been reported as the most stable structure for
the sulfide compound at 210-250 °C and the cation ratios in our

particles(Parasyuk & Voronyuk, 2003).

Due to the broad peaks seen in the XRD, we wanted to examine the
nanocrystals using transmission electron microscopy (TEM) to look at their
uniformity (see figure 2). The nanocrystals from our synthesis have a diameter of
5-20 nm, and are roughly spherical in shape. We also synthesized CZIS
nanocrystals by a different method that was heavily based off a published
literature method (J. Zhang et al., 2011) in addition to the one that we have

developed(details in the supplemental informantion). The particles from the
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Figure 1-1 XRD of the CZIS nanocrystals and CZISe film. CIS,ZnS,CISe,and

ZnSe standards have been added as reference

Figure 1-2 TEM of image of a) the particles made by the literature synthesis b)

particles made by our synthesis




literature method were smaller and were about 5-10 nm in size. When we
examined the XRD of the literature recipe nanocrystals it was inconclusive. We
developed our own synthesis method because of the solvents used in each. The
motivation for developing our own synthesis method was that the particles
produced by the literature synthesis did not disperse well in the solvent used for
coating. By changing the synthesis to use a different solvent we were able to

achieve much more consistent coatings.

1.3 Device Processing

The XRD pattern changed after the selenium treatment and can be seen in
figure #. Since the sample was prepared on molybdenum, there is a signal from
molybdenum and from molybdenum selenide and those peaks are marked. The
XRD shows the same basic tetrahedral peak pattern as the sulfide nanocrystals,
but the pattern is shifted from the nanocrystal pattern due to replacing sulfur with
a larger anion, selenium. This causes the lattice to expand and causes a shift in
the XRD pattern. The peak locations for our synthesis fall in-between those for
CulnSe (CISe) and ZnSe. As with the nanocrystals, this suggests that the film
was an alloy of these two materials. The shift might not be complete because not
all of the sulfur is replaced by selenium during the treatment. We are confident
that this shift is not responsible for the the placement of the peaks inbetween

those for CIZSe and ZnSe because a similar shift was seen in the nanocrystals



Table 1-1 Bulk EDS data for the CZIS nanocrystals and the CZISe films

Fraction of total cations

Before Se After Se

Cation treatment treatment
Copper 0.29 0.27
Zinc 0.37 0.35
Indium 0.33 0.38

ClzsSe ‘fine-grain’ MoSe, Mo

Counts (Log a.u.)

Length (um)

Figure 1-3 EDS map and line scan of CZISe film this film was prepared the in
the same fashion as the completed devices except that none of the window

layers have been deposited



before the selenium treatment. It can also be observed that the peaks became
much sharper after the selenium treatment. This was because of the and
densification that occurs during the selenium treatment. The film had a cubic zinc
blende structure. It is the most thermodynamically favorable structure for CZISe
at the cation ratios present in the films(Wagner, Lehmann, Schorr, Spemann, &
Doering, 2005). The absence of the tetragonal 101 peak at 17° is further
evidence to the cubic structure that we are proposing. This peak is only present

in the tetragonal phase and is not present in the cubic.

To confirm the XRD results we looked at the EDS data and the SEM
images. These measurements confirmed that the absorber layer in the film was
the desired CZISe. In the EDS maps of the film (see figure #) the cations were
evenly dispersed though out the CZISe layer. This shows that the cations were
well mixed and that there was no evidence for phase separation in the CZISe
layer. There also was no evidence for any sort of composition gradient in the
CZISe layer leading us to conclude that this layer was uniform. This was
supported by the vertical linescan taken of the film (see figure #). In this there are

no visible changes in the cation ratios in the CZISe layer.

In addition to the sintered CZISe layer there was also a ‘fine grain’ layer
beneath it that was observed in the EDS and SEM. This layer was very cation
poor and was rich in both carbon and selenium. This layer did not prevent the
device from being functional, and it is assumed that this layer was conductive

and acted as a continuation of the back contact. This layer has been seen in



similarly processed CIGSe(Guo et al.,, 2013) and CZTSe(Guo et al., 2010)

devices and does not prohibit device performance in those devices either.

1.4 Electrical Characterization of the Finished Devices

In addition to the sintered CZISe layer there was also a ‘fine grain’ layer
beneath it that was observed in the EDS and SEM. This layer was very cation
poor and was rich in both carbon and selenium. This layer did not prevent the
device from being functional, and it is assumed that this layer was conductive
and acted as a continuation of the back contact. This layer has been seen in
similarly processed CIGSe(Guo et al.,, 2013) and CZTSe(Guo et al., 2010)

devices and does not prohibit device performance in those devices either.

Devices made from the CZISe films were photoactive and were functional
as solar cells. The devices made from our synthesis had a total area efficiency of
6.7%, and 7.4% efficient based off active area. Already in its development, CZISe
is only a few percent less efficient than the record liquid processed
CZTSSe(Winkler et al., 2013) device, but is still well behind the record for liquid
processed CIGSSe(Todorov & Gunawan, 2012). Though when compared to early
cells made from these materials(Katagiri et al., 2009; Kazmerski, White, &
Morgan, 1976), CZISe performs better and has reached higher efficiencies. This
shows great promise for this material, and for it to be able to reach the
performance of CIGSe. The J-V curves are shown in figure #. The Jgs, Voc and fill
factor for these devices were notable, and were comparable to those from quality

CZTSSe and CIGSSe devices.
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We wanted to examine the carrier collection in the device using the external
quantum efficiency (EQE) (see figure #). We looked at the absorption limited
region, the higher wavelengths and found the band gap to be 1.3 eV. The
collection for the device was below 80% for all wavelengths. The high slope of
the data in the 500-800nm range indicates that there was relatively poor carrier
collection through the device. In this region, it was not limited by the absorption,
but it instead was limited by the ability of a carrier to get collected(Hegedus &

Shafarman, 2004).

We also made a device from particles synthesized by the recipe form
literature mentioned earlier(J. Zhang et al., 2011). The device showed a similar
champion performance, but was less consistent over the whole coating.
Efficiencies varied from 2.0% to 6.6% on the coating that produced the champion
efficiency for the literature synthesis, while for our synthesis the efficiencies
ranged from 6.0% to 6.7%. Despite the different synthesis techniques that were
used to make the nanocrystals, the champion final solar cell performance is the
same. It can be seen that they have different V. and Js; due to differing band
gap as a result of varying compositions. Being able to reach notable efficiencies
for two different syntheses has shown that this material has the potential to be a

viable alternative to CIGSe or CZTSe.

1.5 Conclusion
We have prepared a functional solar cell of greater than 6% efficiency device

using CZISe as the absorber material using liquid based processing. This shows
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great promise for this material as a possible replacement for CIGSe in the future.
To our knowledge this is the first time a zinc blende CZISe device has been
published. We were able to synthesize CZIS nanocrystals by two different
syntheses, and found that both of them produce similar results, and both are able
to make comparable devices. The two different syntheses did result in slight
composition difference that lead to a change in the band gap, and consequently

the device parameters.
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CHAPTER 2. FUTURE WORK

2.1 Short Term

My plan for the next month is to study and optimize the selenization
procedure for my CZIS films. This is a crucial step in the device making process,
and is responsible for not only the replacement of sulfur with selenium but it is
also responsible for the densification of the film. Optimizing this part of the
process has yielded significant improvements in analogous CIGS and CZTS
devices. Improving the selenization could lead to improved crystal quality and
reduced defects. Reducing the number of defects could lead to less
recombination of generated electron-hole pairs in the absorber layer and lead to
improved performance. Optimizing selenization can also lead to a reduction in
the thickness of the “fine grain” layer. Reducing the thickness of this layer is
another way to improve the device. If both of these objectives can be achieved
then it could result in a large improvement in the performance of CZISe solar
cells. | plan to achieve this by altering certain parameters. | want to examine the
effects of time, temperature and box structure. The key variable is what partial
pressure is the selenium at during the process and how long does it stay at that
pressure before leaving the atmosphere above the CZIS film. | am also planning

to look it using a rapid thermal processer (RTP) to have finer control over the
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whole process. It may also be possible to look into altering the Se/S ratio in the

finished devices to modify the band gap.

2.2 LongTerm

The next project that | plan on perusing over the next month is optimizing
the cation ratios. | have previously looked into using very high amounts of zinc, a
zinc to copper ratio of 9:1. This caused the material to become n-type, and the
band gap increased. Changing the amount of zinc can be used to alter the
carrier concentration as well as the band gap. My plan is to alter both the amount
of zinc and the amount of sulfur in the final film to have two methods of adjusting
the band gap. Having the two methods allows me to change the band gap and
be selective with the other changes that happen due to changing composition.
Controlling the composition may also allow me to control the carrier densities and
consequently the width of the space charge region. By increasing the width of
the space charge region | can improve carrier collection that is not absorption
limited.
As | mentioned in the paragraph above | was able to make n-type CZISe.
My long term plan is to make a homojunction device using this material. By
creating this | hope to reduce the amount of interface recombination by removing
the interface. | also hope to collect current for the n-type layer. Currently | am
using CdS which has too low of carrier lifetime to have the ability to collect
carriers. By using a modified version of a functional p-type absorber, | hope to

create a function n-type absorber. By using a homojunction | hope to increase
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both the Jsc and the V. and consequently the overall efficiency of a device using
CZISe. | plan on doing this by sintering p-type CZISe and n-type CZISe to form a
junction. | will have to be able to control the zinc diffusion to preserve the
junction, and prevent the whole layer becoming a single uniform composition. |
may need to examine multiple methods of depositing and sintering the n-type
layer, since the conditions that are right for selenizing, and sintering a standard
CZISe device might not be the best conditions for the fabrication of a
homojunction. | plan on looking into two step sintering methods. | can selenize
the p-type layer the same as a standard heterojunction device. Then | can
deposit the n-type layer and perform another sintering step, possibly at a different

temperature.
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Appendix A Synthesis Method

For our synthesis we used a modification of the hot injection method. First we
prepared a cation precursor solution that consisted of .576 mmol of copper (II)
acetylacetonate, .624 mmol of zinc (Il) acetylacetonate hydrate, .600 mmol of
indium acetylacetonate in 6mL of oleylamine. A sulfur solution was also
prepared by putting 1.8 mmol of elemental sulfur in 3 mL of oleylamine. Both
solutions were heated up to 60 °C prior to injection. The reaction vessel was
charged with 14 mL of oleylamine. It was vacuum purged at reflux (~130 °C)
three times and was refilled with argon after every purge. After the third
purge/refill cycle the reaction vessel was heated to 250 °C. Once the
temperature had stabilized, we injected 4 mL of the cation precursor solution,
and 2 mL of the sulfur solution. We let the reaction sit for 15 min. then took the
reaction vessel off of the heating source and let it cool to room temperature.

Once the reacted solution was room temperature, it was split into two 30
mL centrifuge tubes. These tubes were filled the rest of the way with isopropanol,
and then centrifuged at 140000 RPM. Then the liquid contents of the tube were
discarded. The solid is redispersed in 4 mL of hexane, and the rest of the tube is
filled with isopropanol, again it is centrifuged at 14000 RPM, and the liquid is
discarded. This process is repeated another time, then three more times except
that a 70/30 mixture of methanol/isoprapanol is used instead of just the
isopropanol. After the particles have been washed in this manner they are dried

under nitrogen.



Appendix B Literature Synthesis Data

Counts [a.u.)
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Figure B-4 The XRD of the literature synthesis nanocrystals is on the left and the
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28 (degrees)
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XRD of the selenium treated film

Table B-2 Cation ratios in the nanocrystals and selenium treated film for the

literature synthesis

Counts (a.u.)

Fraction of total cations

Before Se After Se
Cation | treatment treatment
Copper 0.34 0.29
Zinc 0.40 0.35
Indium 0.26 0.36
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Counts {a.u.}

CulnSe
Znse

.
)

J
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