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Award Number: [DE-EE0007364]

Executive summary

Searching for inexpensive, environment-friendly, and air-stable absorber materials for
thin film solar cells has become a key thrust of PV research. Supported by this one-year
award, the UB-RPI team aims to develop a novel class of semiconductors —
chalcogenide perovskites. Sharing some similarities to the widely researched halide
perovskites, and unlike most conventional semiconductors, the chalcogenide
perovskites are strongly ionic. Such characteristics is expected to provide intrinsic
defect properties favorable for charge transport in PV absorbers. In this one-year
project, we confirmed structural stability of the BaZrSs material through high pressure
Raman studies. We find no evidence that the perovskite structure of BaZrSsz undergoes
any phase changes under hydrostatic pressure to at least 8.9 GPa. Our results indicate
the robust structural stability of BaZrSs, and suggest cation alloying as a viable
approach for band-gap engineering for photovoltaic and other applications. We also
achieved reduced band gap to 1.45 eV by Ti-alloying of BaZrSs, which is close to the
optimal value for a single junction solar cell. We further synthesized BaZrSs thin films
with desired crystal structure and band gap. The optical absorption is high as expected.
The carrier mobility is moderate. The high processing temperature limits its ability for
device integration. We are working on deposition of chalcogenide perovskite thin films
using molecular beam epitaxy.
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Background: The recent development of organic halide perovskites such as
CHsNHsPbls has led to a revolution in PV research. The power conversion efficiency
(PCE) of solar cells made of this type of materials has withessed an unprecedented rate
of increase, from an initial PCE of 3.8% in 2009[% to 22.7% in 2017,12 on par with that
achieved in single crystal Si solar cells.

Despite the surge in interest in organic halide perovskite materials, there is still a
long way to go for their large-scale commercial applications. The major challenges are
1) the material contains toxic element Pb; 2) the material dissociates rapidly in the
presence of moisture;®! 3) ion migration leading to long-term stability concern; 4)
ultralow thermal conductivity potentially leading to heating and mechanical stress.l!
While some of these issues are being addressed by the research community, some
appear to be intrinsic to the organic lead halide that cannot be easily solved.

The progress on halide perovskites has inspired us to search for novel
semiconductor materials that can inherit the excellent optoelectronic properties of
halides, while avoiding their severe limitations. We notice that different from
conventional covalent semiconductors, halide perovskite represents the first non-four-
coordinate structure with excellent carrier transport and optoelectronic properties. As
opposed to their oxide and halide siblings, chalcogenide perovskites received little
attention.[°! Recently, our theoretical investigation and later experimental works on this
type of perovskites have led to some exciting discoveries:!1%131 1) Among the three
different phases of this class of materials, many are semiconductors with band gaps
ranging from 0.5 eV to 2.3 eV depending on composition; 2) In the distorted perovskite
phase, the material is direct band gap with high optical absorption coefficients; 3) The
band dispersion near band edge is large suggesting good carrier mobility; 4) Due to
strong iconicity, the materials are expected to be free of deep-level defects, which is the
main contributor to carrier recombination. If these results experimentally verified,
chalcogenide perovskites may be the ultimate PV absorber material people are
searching for.

Introduction: Based on our previous work, we propose a joint experimental and
theoretical program to design and develop chalcogenide perovskite PV absorbers. First-
principles calculation will be used to search for the material composition that leads to
the optimal band gap and excellent optical absorption. Materials will be synthesized in
both powder and thin-film forms. The structure, band gap, optical absorption and carrier
transport will be systematically studied, and used as feedbacks for optimization of
growth parameters and material properties. The expected outcome of this one year
project is the development of PV absorbers with a band gap matched to the solar
spectrum (~1.3 eV), high absorption coefficient (> 10° cm), high carrier mobility and
long diffusion length (> 1 um).
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Summary of Statement of Project Objectives (SOPO):
The main tasks and objectives of this one-year project are:
Task 1: Synthesis of chalcogenide perovskite powder and screening of substrates

* Milestone 1.1 (end of 3rd month): One suitable substrate for chalcogenide perovskite
thin film deposition without detrimental defects as described above.

* Milestone 1.2 (end of 3rd month): Alloyed chalcogenide perovskite powder samples
with tunable band gap from 1.1 to 1.8 eV.

Task 2: Fabrication of chalcogenide perovskite thin films

* Milestone 2.1 (end of 6th month): One chalcogenide perovskite thin film with an
optical bandgap of 1.1-1.8 eV and a carrier concentration of 10°>-10'8 cm-.

Task 3: Optimization of synthesis, optical and electronic properties of thin films

* Milestone 3.1 (end of 9th month): Growth parameters for thin films without detrimental
deep level (> 0.2 eV from band edges) defects (predicted by theory, validated by
experiment).

* Milestone 3.2 (end of 9th month): One chalcogenide perovskite thin film with a
thickness of 0.5-2 ym, band gap of ~ 1.1-1.8 eV and absorption coefficient >1x10* cm™,

Task 4: Low temperature deposition and chemical stability of thin films

Final Milestone (end of project): One green and stable chalcogenide perovskite material
in thin film form that possesses suitable band gap (1.1-1.8 eV) and high absorption
coefficient (>1x10* cm). One sample that has less than 10% change in band gap and
absorption coefficient after 3 months exposure to ambient air and moisture. A theory-led
manuscript on recombination-center defects and a paper on synthesis and
characterization of chalcogenide perovskite thin films to a peer-reviewed journal.
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Project Results and Discussion:

Stability and band gap tuning of BaZrSs at high pressure

We studied the effect of hydrostatic pressure on BaZrSs, a prototypical chalcogenide
perovskite with potential photovoltaic applications. Ab-initio density functional theory
calculations were preformed to predict the allowed Raman phonons, their intensities,
and their shift in frequency with pressure. Raman spectroscopy was used to investigate
the effect of pressure, up to 8.9 GPa at room temperature and up to 6.8 GPa at 120K. In
general, good agreement was found between experiment and theory. No phase
changes were observed in the range studied. Our work confirms the structural stability
of BaZrSs. The stability against volume compression further suggests the possibility of
cation alloying for band gap engineering for photovoltaic applications.
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Fig. 1. Measured Raman spectrum (grey) of BaZrSsz at 14 K and P = 0 GPa. Dashed and red
curves are best fit results for the individual peaks and the cumulative spectrum, respectively.
Labels give the peak phonon assignments based on comparison with the results of our DFT
calculations. Question marks designate unassigned weak features that may arise from two-
phonon scattering. Vertical lines indicate the theoretical strength of modes for which the DFT
calculated relative intensity exceeds 2%.
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Fig 2. BaZrSs Raman data taken at temperatures from 14 K to 295
K. Gaussian line shape fits are used to determine peak positions.
Inset shows sample fit of a standard temperature-shift relation for the
Ag* peak.
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Fig 3. Pressure-Raman spectra of BaZrSs recorded at a) 295 K,
and b) 120 K. Phonon assignments are given for the peaks that

can be followed with pressure.

Feature marked by (?) is

unassigned. Dashed lines are guides to the eye showing shift of
closely spaced peaks.
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Fig 4. Frequency shifts with pressure of the observed Raman peaks
in Figure 3 for a) 295K, and b) 120K. Peak positions are
determined by Gaussian line shape fits. The mode correspondence
of the plots follows the legends at left. The lines show the best
linear fits to the data points.
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Band gap tuning of BaZrSs by Ti-alloying

We investigated the effect of Ti-alloying of BaZrSs to tune its band gap. We observed
systematic change of lattice parameters with increasing Ti concentration. The UV-vis
measurements showed systematic red-shift of the absorption spectra. The lowest band
gap obtained is 1.4 eV, matching the optimal band gap for a single junction cell. Doping
of Ti over 10% yields phase separation, which is consistent with theoretical studies.
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Fig. 5. Ti-doped BaZrOs was used for the preparation of BaZrSs by sulfurization. As can be seen,

with increasing Ti-alloying concentration, the lattice constant decreases monotonically,
suggesting Ti substitution of Zr.
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Fig. 6. After sulfurization, the lattice constant of Ti-doped BaZrS3 showed similar trend to that of
Ti-doped BaZrOs. At Ti-alloying concentration > 10%, secondary phases are detected by XRD.
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Fig. 7. With increasing Ti-alloying concentration, the band gap systematically decreases. At 5%
Ti, the band gap is ~ 1.45 eV, close to the optimal value for a single junction solar cell.

Fabrication of BaZrSsthin film by PLD and sulfurization

We synthesized BaZrSs thin films by sulfurization of pre-deposited BaZrO3 thin films.
The thin films possess the expected structure as identified by XRD patterns and Raman
spectra. The optical absorption showed the expected band gap. The films show strong
photoluminescence, confirming the direct band gap nature of the material, and further
suggest that the material is of reasonable carrier and defect density.
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Fig. 8. XRD shows that the films deposited by PLD of oxide followed by sulfurization retains
the distorted perovskite structure expected for BaZrSa.
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Fig. 9. Composition measured by EDX is close to stoichiometry. Raman spectra also showed
expected features.
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Fig. 10. UV-vis spectra showed expected band gap. The absorption coefficient is calculated to be
> 10°cm*. The films show strong photoluminescence, consistent with its direct band gap nature.
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Fig. 11. Temperature dependence of sheet resistance and resistivity has been fitted by a thermal
activation model. The activation energy is extracted to be 14.7 meV, suggesting shallow defect
levels.
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Fig. 12. Initial Hall effect measurements reveals that the carrier is p-type. This needs to be

confirmed since we expect n-type conductivity due to S vacancy. Combining Hall and resistivity

measurements, we extracted carrier concentration of ~ 8x10''cm= and mobility of ~ 9.39
2

cme/Vs.
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Fabrication of BaZrSs thin film by direct PLD deposition of BaZrSs

Sulfurization of oxide film requires temperatures higher than 1000 C, which is not
compatible with device fabrication. In an attempt to decrease the deposition
temperature, we developed a method to deposit BaZrS3 films directly. The procedure is
as follows: 1. Synthesis of BaZrSs powder by sulfurization of BaZrOs powder; 2. Press
of BaZrSs powder to make PLD target; 3. Deposition of thin films using BZS target.

Fig. 13. (leftto right) The BaZrOs powder; the as-synthesized BaZrSs powder; the BaZrSs
target and the deposited BaZrSs film on sapphire substrate, respectively.
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Fig. 14. The photoluminescence spectra of BZS film compared to that of the powder sample.

Computational study of defect properties of BaZrSs

We calculated the formation energies of possible point defects in BaZrSs using density
functional theory. The formation energies were calculated as a function of chemical
potentials of the constituent elements. The allowed chemical potential region for the
three elements was carefully determined. Within this allowed region, we were able to
identify the low-energy point defects. We also calculated the formation energies as a
function of Fermi energy. Based on these calculations, we can determine possible deep
levels that could serve as recombination centers and lower the efficiency of PV devices.
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Actually, our calculations showed that BaZrSs may not have deep-level intrinsic defects,
this is different from a recent publication [*1, where it was found that some defects, such
as S-on-Zr (Szr), may have a deep (0/-) transition level. We carefully examined their
results and found that the deep level is a result of using too large Hubbard U value (4.5
eV) for Zr 4d electrons. Instead of empirically selecting the U value, we calculated the U
value from first-principles and found a value of 1.65 eV only. With this newly calculated
U, we did not observe deep levels in our calculations.

10.0

-
~ -

Formation Energy (eV)

[
D

G M m

Fig. 16. (Left) The green region marked by points D, E, F, and G shows the allowed region of
chemical potentials of Ba, Zr and S ensuring that BaZrSs is thermodynamically stable. The inset
shows the coordinates of the points D, E, F, and G. The unit is in eV. (Right) Calculated defect
formation energy for all possible point defects in BaZrSs, as a function of chemical potential.
Defects having the lowest formation energies are S vacancy (Vs) and Zr on Ba anti-sites (Zrga).
Other defects, such as Zr interstitial (Zri), S interstitial (Si), S on Ba (Sea), and Ba on S (Bas)
could also have formation energy that is lower than or close to 1 eV.
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Fig. 17. Using a Hubbard U value of 1.65 eV, as calculated from first-principles, we performed
PBE+U calculations to determine the defect transition levels in BaZrSs. It was found that for all
the point defects, the (0/+) and (0/-) transition levels, which are the potential recombination
centers, are shallow defects. This result is different from a recent study using a significant larger
U value (4.5 eV), where it was predicted that some defects are deep-level defects, such as Sz
anti-site.
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Fig. 18. We studied the calculated transition level of Sz defect as a function of U value. It was
found that the defect suddenly changed from a shallow to a deep level as the U value is above 2.7
eV. The shallow-to-deep transition is accompanied by a localization of the gap state (right
panel). However, as stated above, the U value according to our first-principles calculation is only
about 1.65 eV, which means that the deep level may not be real. We tend to conclude that in
BaZrSs, the intrinsic defects are all shallow defects, which do not serve as recombination centers.
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Conclusions: We confirmed structural stability of the chalcogenide perovskite BaZrSs
through high-pressure Raman studies. Manuscript has been published in Phys. Rev.
Appl. 8, 044014 (2017). Reduced band gap to 1.45 eV has been achieved by Ti-alloying
of BaZrSs, which is close to optimal value for a single junction solar cell (Manuscript in
preparation). Synthesized BaZrSs thin films show desired structure and band gap. Its
direct band gap is confirmed by PL. Its optical absorption coefficient is > 10° cm,
carrier concentration is ~8x10%cm-2 and mobility is ~9.4 cm?/Vs. These initial results on
films are encouraging. A concern is the rough film surface morphology, due to the high
temperature sulfurization process. This may lead to error in transport measurements.
Furthermore, the high-temperature process is not compatible with device fabrication. To
address this problem, we plan to deposit CaZrSes thin film (band gap of 1.3 eV
corresponding to the optimal band gap for a single-junction solar cell) using a modified
MBE system incorporating a high-temperature cell for Zr evaporation.

Budget and Schedule:

11l. Spending Summary by Budget Category

_ Approved Budget per SF-424A Actual Expenses

BP1 BP 2 BP3 This Quarter Cumulative
e S s
13123 $90 $11,902
3000 575 $3,459
11000 50 526,641
10000 50 58,641
126255 5440 5126,909
[hother 00000 20744 $349 $5,055
$227,607 $0 $0 $1,119 $227,665
57864 5404 $57,815
$285,471 $0 $0 $1,523 $285,480
224814 $1,116 $224,814
| costshare] 60657 $a07 560,666
21.2% #DIV/0! #DIV/0! 26.7% 21.3%

Federal share: $224,814, cost share: $60,666.17, amounts spent: 285,480.17.

The main deviation from the spending plan is the re-budget of $20,000 for the purchase
of an e-gun for MBE deposition of CaZrSes thin films.

1.10ne suitable substrate for chalcogenide perovskite thin film deposition without detrimental defects as described above Yiyang Sun 7/1/16 7/31/16
1.2 Alloyed chalcogenide perovskite powder samples with tunable band gap from 1.1 to 1.8 eV Hao Zeng 7/1/16 7/3/16
2.10ne chaleogenide perovskite thin film with an optical bandgap of 1.1-1.8 eV and a carrier concentration of 1015-108 em2 10/1/2016 10/31/16
Hao
Zeng/Viyang 131/17
3.1 Growth parameters for thin films without detrimental deep level (> 0.2 eV from band edges) defects (predicted by theory, validated by experiment) Sun 10/1/16
3.2 One chalcogenide perovskite thin film with a thickness of 0.5-2 mm, band gap of ~ 1.1-1.8 eV and absorption coefficient >1"104 em3 Hao Zeng 1/1/2017 1f31/17
One green and stable chalcogenide perovslkite material in thin film form that possesses suitable band gap (1.1-1.8 V) and high absorption coefficient
final (>1"104 cm3). One sample that has less than 10% change in band gap and absorption coefficient after 3 months exposure to ambient air and moisture. Hao stk
‘A theory-led manuseript on recombination-center defects and a paper on synthesis and characterization of chaleogenide perovskite thin films to a peer- Zeng/Viyang LR
reviewed journal Sun 7/1/16
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Path Forward:

Deposition of CaZrSes thin film using MBE: The highest quality chalcogenide perovskite
thin films that can be made, with correct stoichiometry and single crystalline-like, is
probably by molecular beam epitaxy, if a suitable substrate can be identified for epitaxial
growth. The difficulty is that most MBE systems are not equipped with an ultra-high
temperature cell that can be used to evaporate Zr metal. We have modified our MBE
system by installing an e-beam evaporation cell. Systematic optimization of deposition
parameters is to be performed.

Fig. 15. The e-beam evaporation cell installed on the MBE system.
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