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Program Scope

The research objectives of this project centered around investigations of the basic properties of
Cu,ZnSn(S,Se), especially the electronic defects in the bulk, at the interface with heterojunction partners
used in solar cells, and at the polycrystalline grain boundaries. In the course of the project we addressed
many specific sub-areas in 17 peer reviewed publications listed at the end of this report (2 more are also
in preparation). The impact of this research is to generate basic but critical materials knowledge about
this emerging alloy system that may be capable of photovoltaic efficiency on par with CdTe and CIGS but
at lower cost and having the benefit of avoiding constraints on scale-up from rare and expensive elements
using earth abundant elements. In the final phase of this project, Prof. Scarpulla worked with Dr. Kirstin
Alberi at NREL and rigorously solved a theoretical problem that is general across all semiconductors — the
prediction of point defect concentrations in the presence of excess carriers.

Recent Progress (other topics have been summarized in past reports)

Origins of electronic disorder in CZTS

We completed our data processing and analysis of a large data set of transmission x-ray
microscopy tomography taken at SSRL on layers of CZTSe deposited as thin polycrystalline films. Also, we
collaborated with NREL transmission electron microscopy scientists on CZTSSe singles. Many techniques
have revealed evidence of electronic disorder (both fluctuating potentials and bandgaps) in CZTSSe alloys.
We used these real-space compositional measurements to investigate the origins and lengthscales of
these energetic variations.

In the x-ray tomography work, we were able to
simultaneously measure a unique combination of spatial
resolution near 200 nm and area of study 10’s of um.
Additionally, the SSRL beamline allowed us to generate
element-specific tomographic reconstructions of the
samples. We then analyzed the Cu and Zn spatial densities
and showed that these two elements in particular tended
to be anticorrelated on the lengthscale of grains. In other
words, the origins of compositional and thus electronic
inhomogeneity are not simply at the atomic scale in point defects but also at the scale of the
microstructure — adjacent grains appear to have significantly different stoichiometry. These are novel
findings that broaden the scope of understanding. The work was chosen for the cover article for Solar
RRL.

Similarly, our TEM study revealed novel results on a different
lengthscale. In this work we obtained single crystals of CZTS from a High Mag. m
collaborator in Japan and studied the compositional fluctuations on nm
lengthscales with direct imaging. These bulk crystal samples were very
slowly cooled from the growth temperature so approach the
thermodynamic ground state for the Cu,ZnSnS,; material, somewhat in
contrast to polycrystalline thin films deposited in vacuum which are used
for thin film solar cells. In these single crystalline regions, we found
statistically-significant composition variations for Cu, Zn, and Sn on 20 nm




lengthscales — similar to what might be expected for spinodal decomposition. This shows that even on
the smallest lengthscales of a few unit cells CZTS is inhomogeneous.

Theory of the Influence of Excess Carriers on Point Defect Formation
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while currents are flowing or under illumination or
ionizing radiation) to be analyzed. Inthese cases, there
are separate quasi-Fermi levels representing the
chemical potentials of electrons and holes. The theory
essentially merges the established quasi-chemical
formalism for defect populations with detailed balance for the rates of capture and emission from the
defect’s charge transition level. The essential physics is that the excess carriers change the occupation
statistics of the defect charge states compared to the thermal equilibrium case.

The most important prediction of the theory is that in the case of compensating defects (i.e.
acceptor-like defects in n-type doped material) are suppressed by the presence of excess carriers. Thus
it suggest that growing or annealing semiconductors with above-bandgap illumination or with current
injection can yield qualitatively different results in material properties than those typically obtained with
thermal equilibrium methods. Also, it should be relevant in understanding how materials change over
time when used in devices — for example in LEDs where high concentrations of carriers are injected during
operation. The initial paper using GaSb as a model system (because only one defect, the Ga antisite,
occurs in significant concentrations) was published in Scientific Reports and follow-up papers with slight
improvements to the model and considering wide bandgap materials are in review and preparation.
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Conclusions

This project was successful in elucidating some of the fundamental materials properties of
Cu,ZnSn(S,Se)s materials and their origins. It also allowed the development of a new theory of interactions
between
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