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The discovery of new materials by coupling high-throughput synthesis with computational screening

is being increasingly adopted. However, thus far, phosphides have been largely overlooked for both
In this paper, we report on the use of
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computational screening and high-throughput synthesis.
a high-throughput synthesis technique, reactive combinatorial co-sputtering with PH3, to deposit
ZnGeP; thin films. We grew amorphous films over a wide range of compositions and found an upper
limit in growth temperature determined by Zn and P volatility. We found that depositing in a Ge-
limited regime could be utilized to slow the growth rate to compensate for the desorption of the Zn
and P. Crystalline films were achieved by depositing films at higher temperatures in this Ge-limited
regime with a reduced deposition rate. X-ray diffraction revealed that the films had crystallized in
the zincblende, cation-disordered structure. The crystalline films exhibited optical absorption energy
threshold values ranging from 0.8 to 1.3 eV. Increased Ge content was found in films that exhibited a
decreased absorption onset energy. Native defect calculations were used to gain an understanding of
the off-stoichiometry seen in these films. This work provides the first high-throughput investigation
of ZnGeP;, demonstrating the ability to grow amorphous and cation disordered ZnGeP, over a wide

range of compositions with varying optical properties.

1 Introduction

There has been growing interest in discovering new ternary
and multinary materials that will enable technological advances
in optoelectronic devices through increased diversity in avail-
able chemistries and structures. 3 In order to focus materi-
als discovery efforts on the most promising new materials, it is
critical that there is close coordination between computational
screening and materials synthesis. For example, computational
work on ternary nitrides has uncovered hundreds of new sta-
ble and metastable nitride materials providing experimentalists
with guidance on new compounds to synthesize.2 There has been
much less exploration done in the phosphide space, with far fewer
predicted phosphide compounds compared to nitrides, sulfides,
and oxides.? Yet, in a study done to assess the properties of 171
existing phosphides in the Inorganic Crystal Structure Database
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(ICSD), the phosphide materials were predicted to have low effec-
tive masses and band gap energies in the ideal range for tandem
photovoltaics (PV).® The very successful III-P alloys have been
included in highly-efficient multijunction solar cells for several
decades,® with efficiencies as high as 47%.7 Studies on the less-
explored ternary II-IV-V, phosphide materials, such as ZnSiP,®
and ZnSnP,,? have also revealed their strong potential for solar
cell device applications. Additionally there has been expanding
work on cobalt phosphidel? and other metal phosphide materi-
als™ for energy-related applications such as water splitting, fuel
cells, batteries, and supercapacitors. The promising properties of
existing phosphides suggest that unexplored phosphide materials
could provide fertile ground for more extensive computational
screening and synthetic experimentation. However, challenges
related to the synthesis of phosphide thin films, such as the use
of the hazardous PHj gas, have stunted high-throughput experi-
mentation of phosphides.

High-throughput experimental techniques are a key component
to the materials discovery process by enabling the generation of
large amounts of experimental data using combinatorial material
synthesis and rapid characterization techniques.#2/ Combinato-
rial synthesis methods generate a large number of samples in a
single deposition allowing for the fast and low-cost exploration of
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a material’s phase space.!? Combinatorial co-sputtering, in par-
ticular, is an already proven method to synthesize new II-IV-N;
materials similar to ZnGeP,. It has been used to explore the ef-
fects of off-stoichiometry on structure and optoelectronic proper-
ties in ZnSnN,,1% ZnGeN,,2 and MgSnN, .28 However, sputter-
ing is a largely under-utilized synthesis technique for phosphides.
There have been a few reports of sputtering from phosphide tar-
gets to achieve GaP17% and CusP films.? Reactive sputtering
with PHj gas has been even less explored with only two studies
on sputtered Zn3P,%%2l and one on BP.22 The development of a
reactive combinatorial sputtering technique for phosphides could
enable the rapid investigation of new phosphide materials, such
as ZnGeP,.

For this study, we have chosen to explore the viability of com-
binatorial phosphide synthesis using ZnGeP, due to its strong po-
tential for optoelectronic devices. As a II-IV-P, material, ZnGeP,
has the potential to exist in either a zinc-blende cation-disordered
or a chalcopyrite cation-ordered structure. The cation-ordered
structure is predicted to have a band gap of 2.2 V.23 However,
previous experimental work indicates that cation site disorder can
be used to lower its band gap to 1.7 €V, 24 the ideal band gap for a
top cell absorber in a Si-based tandem solar cell.%> In addition to
having a tunable band gap, ZnGeP; is also lattice matched to Si,
with a less than 1% lattice mismatch, making it a very promising
material for integration in Si-based devices.”2® Despite promising
initial reports on ZnGeP,, the research on thin film synthesis of
ZnGeP, remains sparse, with only a few reports of organometal-
lic chemical vapor deposition2228 and low-pressure chemical va-
por deposition with a combination of hydride and elemental pre-
cursors.2422 Employing a high-throughput growth method, such
as combinatorial co-sputtering, could allow for expedited phase
space exploration of ZnGeP,.

In this study, we have achieved high-throughput phosphide thin
film synthesis by depositing combinatorial ZnGeP, thin films via
reactive RF co-sputtering in PH3 gas. Amorphous films were pro-
duced over a range of compositions by utilizing lower deposition
temperatures and higher deposition rates. Crystalline, cation-
disordered ZnGeP, films were achieved by depositing films at
higher temperatures with lower growth rates. Transmission elec-
tron microscopy (TEM) was utilized to investigate the microstruc-
ture of the films, revealing changes in crystallinity and composi-
tion depending on the growth conditions. Absorption coefficients
were determined by modelling spectroscopic ellipsometry data,
where a trend of decreased absorption onset with increased Ge
content was discovered. Finally, native defect calculations shed
light on the off-stoichiometric compositions of the experimental
films.

2  Methods

2.1 Growth Methods

Eight thin film sample libraries were deposited using a PVD Prod-
ucts sputter deposition system, as shown in Fig. [1} This chamber
utilizes radio frequency co-sputtering of metallic targets, Zn and
Ge, while flowing dilute PH3 gas (5% PHj in Ar) to deliver P to
the chamber. The substrate heater and plasma formed during the

2| Journal Name, [year], [vol.], 1

sputter process are used to crack the PH3 gas. For this study, the
Zn and Ge sources were 2" metallic targets purchased from Kurt J.
Lesker Company with 99.99% and 99.999% purity, respectively.
The Zn and Ge sputter guns were angled at 22°to the substrate
normal. The substrate was not rotated during the deposition to
allow for a gradient in Zn and Ge fluxes, and thus composition,
across the substrate. All of the films reported in this work were
deposited at an operating pressure of 7 mTorr with 28 sccm of the
5% PHj3 in Ar gas mixture flowing into the chamber. Prior to these
depositions the chamber base pressure ranged over 4 — 8 x 10~/
Torr.

]

Dilute PH5 Gas pumped out
in Argon e s through turbo
gas /*/’/p\ Combinatorial and rough pump.
A% Thin Film S\ | Then diluted with
P W N> and air.
7\

P
L\ “ I
HH

Fig. 1 A schematic of the vacuum chamber used to deposit the ZnGeP,
films in this study. Metallic Zn and Ge targets were sputtered in a dilute
PH3 in Ar gas environment. The plasma formed during the sputter pro-
cess was used to crack the PH3 gas to provide reactive P. A lamp heater
located above the substrate was used to control the substrate tempera-
ture during the deposition process.

Throughout this work, it was important to have safety proto-
cols in place because PHj3 is both a toxic and pyrophoric gas. For
these experiments, there were multiple points in the lab near the
vacuum chamber and in the lab exhaust that were monitored for
the presence of PHj. If any PH; was detected, it would immedi-
ately trip an interlock for the growth system and shut off the flow
of PHj to the growth chamber. During a deposition, unused PHj
and Ar gas are safely removed from the chamber through a turbo-
molecular pump and then through a rough pump. Once through
the rough pump, the exhaust is then diluted with nitrogen to less
than 2% by volume. The diluted gases are then sent to a Pure Air
Systems abatement system where they are mixed with room air
in a controlled environment and then exhausted into the primary
lab exhaust duct. When removing a sample from the chamber, a
local ventilation snorkel was placed over the load lock in case of
any phosphorous reactions when the sample was exposed to air.
Additionally, self contained breathing apparatuses were worn by
users whenever the chamber was vented because of solid P de-
posits on the chamber walls that react to form PH3 when exposed
to air.

The combinatorial ZnGeP, thin films were deposited on 2" x 2"
p-type Si substrates with native oxide purchased from University
Wafers. The Si substrates were soaked in acetone, isopropanol,
and deionized water for 2 minutes each prior to loading the sub-
strates into the sputter chamber. Prior to depositing on the sub-
strate, the Zn and Ge targets were pre-sputtered for 30 minutes
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with their shutters closed to remove any reacted surface layers
and ensure run-to-run consistency. The sputter gun powers
were adjusted to reach a variety of cation compositions for the
depositions being included in this report. The Zn target power
ranged from 30 to 110 W. The higher Zn target powers were
used at higher temperatures to counter increased Zn-desorption
at increased substrate temperatures. The Ge target power ranged
from 7 to 10 W. Lower Ge target powers were used to reach a
Ge-limited growth regime (Zn and P-rich conditions) at high de-
position temperatures when Zn and P have high vapor pressures.
Substrate temperatures ranged from 310 to 410°C; these temper-
atures were calibrated using a thermocouple on a Si substrate.
The deposition time varied from 2 to 5 hours, with the longer
growth times used for depositions at lower growth rates achieved
with the lowest Ge power used. Film thickness in the five amor-
phous films varied from 100 to 250 nm. In the crystalline films,
the film thickness was maintained between 60 to 70 nm for all
three samples reported here.

2.2 Characterization Methods

Each film was characterized as a sample library, containing a grid
of 4x11 sample points, using a suite of spatially resolved char-
acterization tools with mapping capability. These tools collect
measurements at the same standardized positions for the 4x11
grid. The mapping data were then processed and analyzed in Igor
Pro using the COMBIgor data analysis package. Y X-ray diffrac-
tion (XRD) mapping was performed using a Bruker D8 Discover
equipped with an area detector, using 6 — 26 geometry and Cu
Ko radiation, and General Area Detector Diffraction System soft-
ware. Pawley refinements were performed on the XRD data using
the TOPAS 6 Academic software package. The zincblende struc-
ture, F43m, was used as the base structure for the refinement.
The data was fit with Gaussian and Lorentzian functions to ac-
count for peak broadening. Error bars for the lattice parameters
were generated from TOPAS based on how well the refinement
fit.

Film composition maps were collected using a Bruker M4
Tornado Micro-XRF spectrometer, using a Rh excitation beam
and two detectors. The XRF spectra was then modeled to ex-
tract the film composition using the XMethods software package.
Rutherford backscattering (RBS) measurements were conducted
on three sample points and included in the XRF modeling in order
to calibrate the XRF composition fitting. The RBS measurements
were also used to verify that negligible amounts of oxygen were
being incorporated in the films.

TEM was conducted on two of the crystalline samples to obtain
information on film morphology, amorphous phase content, and
film composition as a function of film depth. Bright field TEM im-
ages, High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF STEM) images, and energy dispersive
spectroscopy (EDS) mapping were acquired on a ThermoFisher
FEI Talos F200X equipped with a Super-X EDS system consist-
ing of four silicon drift detectors. Cross-sectional specimens for
TEM analysis were prepared using focused ion beam liftout, on
a ThermoFisher FEI Helios NanoLab 600i, with a final ion-beam
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cleaning at 2kV to minimize surface amorphization.
Spectroscopic ellipsometry was performed to determine the ab-
sorption coefficient of the samples. The measurements were con-
ducted on the first row of each sample library (11 points) using
a J.A. Woollam Co. M-2000 variable angle ellipsometer at three
angles: 65°, 70°, and 75°. These angles were chosen as they are
close to the Brewster angle of Si, which is near 75°, in the wave-
length range of the measurement. The CompleteEASE software
(version 6.56) was used to create and fit optical models. The sam-
ples were modeled by fitting the imaginary part of the dielectric
function with Cody-Lorentz, Lorentz, and PSemi-MO oscillators.

2.3 Defect Calculations

We calculated the formation energy of native defects in ZnGeP,
with the goal of understanding the site disorder, the propensity
for off-stoichiometry in experimental films, and the presence of
deep defects. We employed the standard supercell approach! to
calculate the defect formation energy (AEp ,) given by,

AEp 4 =Epg— Epost + Zniﬂi +4gEF + Ecorr €Y)
1

where AEp, is the formation energy of a specific defect D in
charge state ¢, Ep, and Ejo are the total energy of the super-
cell with and without the defects, respectively. Ep is the Fermi
energy, which varies between the valence band maximum (VBM)
and the conduction band minimum (CBM), and E.., is the term
that accounts for the finite-size corrections due to the use of pe-
riodic supercells. The chemical potential of elemental species i is
W; and n; is the number of atoms of species i added (n; < 0) or
removed (n; > 0) from the host supercell to form the defects. ;
is expressed as y; = u? + Ap;, where u is the reference chemi-
cal potential and Ay; the deviation from the reference value. The
bounds on Ay; are set by thermodynamic phase stability, with Ay;
= 0 corresponding to i-rich conditions and a large negative value
of y; representing i-poor growth conditions.

For the defect calculations, we built 216-atom supercells and
calculated their total energy by fully relaxing the atomic positions
(keeping the volume and cell shape fixed) with density functional
theory (DFT). A plane-wave energy cutoff of 340 eV and Bril-
louin zone sampling using a I'-centered 2 x 2 x 2 k point grid was
used to relax the supercells. DFT calculations were performed
with the Vienna Ab Initio Simulation Package (VASP) software
package.®2 The generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) was used as the exchange corre-
lation functional.23 The core and valence electrons were treated
with the projector-augmented wave (PAW) method. 34

The native point defects considered include vacancies (Vgz,
Ve, Vp) and anti-site defects (Gez,, Znge, Znp, Pz,, Gep, Pge).
We found in our previous work on ZnSiP, that interstitials are
not low-energy defects.® The formation energy of these native
point defects were calculated in charge states ranging from -3
to +3, with additional charge states considered where necessary.
The reference chemical potentials (/,Lio) were obtained by fitting
to a set of experimentally measured formation enthalpies, simi-
lar to the procedure described in Ref. 35, which has been shown
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to provide more accurate predictions of formation enthalpy and
therefore, phase stability.

We computed the finite-size corrections with the Lany and
Zunger2! scheme, which includes the following corrections to
AEp 4:(1) image charge correction for charged defects, (2) po-
tential alignment correction for charged defects, and (3) band-
filling corrections for shallow defects. Electronic structures calcu-
lated with GGA-PBE functional tends to severely underestimate
the band gap of semiconductors. To rectify this issue, we also
applied a band gap correction (through individual band edge
shifts) based on GW quasi-particle energy calculations.2% A com-
putational framework for automating point defect calculations,
pylada-defects’Z, was used in this work for creating the defect
supercells and analyses of the results, including calculation of the
finite-size corrections.

Zn Power of 30 W: o
e 310°C
e 340°C
360°C
Increased Zn Power
60 and 80 W:
A 380°C

100%

Qb

80

w &

Ge

0
<0

Fig. 2 Experimental ternary diagram for the amorphous films grown in
this study. All 44 points of the sample libraries deposited at different
temperatures are shown in different colors. The triangle marker is repre-
sentative of samples grown with higher Zn powers. This figure highlights
the wide range of compositions that were reached in these films, while
also showing the propensity to lose Zn and P at higher temperatures.

3 Results

3.1 Amorphous Films

The reactive sputter deposition process, illustrated in Fig[l]
yielded amorphous or crystalline thin films depending on the
growth temperature and deposition rate. The amorphous films
were deposited at growth temperatures ranging from 310°C to
380°C, with the Ge power held constant at 10 W. XRD data for
these films, exhibiting the amorphous character and lack of peaks,
can be found in Fig. S1 in the supplemental information. The
amorphous films spanned a wide range of compositions, as shown
in the ternary phase diagram in Fig. [2| From RBS, it was found
that there was only 2 at.% of oxygen present on the Zn-rich side
of the films and, on the Ge-rich side, the oxygen content was
below the noise level. A decrease in Zn incorporation with in-
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creased temperature was found across all of the films, as shown
in Fig.|2] The high vapor pressure of Zn at increased temperatures
is the likely cause of this difficulty in maintaining a stoichiomet-
ric amount of Zn in the films grown at elevated temperatures.
At high enough temperatures, such as 380°C, increasing the Zn
power results in only negligible changes to the Zn content in the
film due to the high rate of Zn desorption from the hot substrate.

As P is also a volatile element, a similar trend of increased
substrate temperature and decreased P incorporation was discov-
ered. At temperatures of 360°C and above, there is a decrease in
P content in the films with increased growth temperature. How-
ever, unlike the Zn behavior, when increasing the temperature
from 310°C to 340°C, there was a slight increase in P incorpo-
ration in the film. This increase in P incorporation is likely due
to improved efficiency in cracking of the PH3 gas at the substrate
surface with the increased substrate temperature. However, when
the substrate temperatures are above 360°C, the improved crack-
ing efficiency is not enough to compensate for the desorption of P
from the substrate surface. This decrease in both Zn and P content
in the films grown at 360°C and above can be seen as a tilt in the
data represented by the orange circles and red triangles towards
the pure Ge endpoint in the ternary phase diagram in Fig. [2| A
similar coupling of Zn and P content was found in amorphous
ZnSiP,-Si alloy thin films."® These films spanned a range of com-
positions but largely followed the ZnSiP,-Si line on the ternary
phase diagram. This behavior in the amorphous ZnSiP,-Si films
was attributed to the surface chemistry during growth driving to-
wards a charge balanced (2P:Zn) composition, which could also
be a factor contributing to the coupled nature of the Zn and P loss
in the ZnGeP, films in this work.

3.2 (Crystalline Films

Crystalline, cation disordered ZnGeP, samples were achieved by
depositing in a Ge-limited regime with slower growth rates and
at higher temperatures. Substrate temperatures of 380°C and
above were used for these films. A Ge-limited regime and slower
growth rates were achieved by lowering the Ge power from 10
W to 8 W, which resulted in a decrease in the deposition rate
from 1.7 nm/min to 0.3 nm/min. These samples had oxygen
levels that were below the RBS noise level. The XRF compo-
sition data for the first row of each crystalline library is shown
in Fig[3] While the decreased growth rate compensated some-
what for the Zn and P desorption at the substrate surface, all of
these films are still P poor with only marginal improvements in
P content by further lowering the Ge power to 7 W. The sam-
ples deposited at the higher temperature of 400°C are Zn poor
across all points on the sample library. The ability for II-IV-V,
materials to crystallize into the cation disordered structures at
off-stoichiometric cation compositions has already been experi-
mentally realized in several II-IV-N, materials, such as ZnSnN,, 1%
ZnGeN,, 15 and MgSnN, .28 The tendency for II-IV-V, materials to
withstand variations in cation compositions is possibly due to the
energetic favorability of antisite defects in these materials.t

In addition to off-stoichiometric cation compositions, we again
see the simultaneous loss of Zn and P occurring in these films,
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Fig. 3 Experimental ternary diagram for the crystalline samples. The
smaller diagram on the top right shows the full axis ranges from 0 to
100%. A line is included in this plot to show that the composition spread
follows the ZnGeP,-Ge alloy line. The larger diagram shows the data with
a narrower range on the axis to more clearly visualize the data points.
Different sample libraries are shown in different colors.

with the composition data closely tracking the ZnGeP,-Ge alloy
line. This behavior is highlighted in the inset in Fig[3] where the
data points are located near the line connecting ZnGeP, to the
Ge endpoint in the phase diagram. Alloy-like behavior has also
been revealed in the related nitride compound, cation disordered
ZnGeN,, where shifts in cell volume and absorption edge energy
that are consistent with an alloy-like model for these parame-
ters have been reported.’® However, for the ZnGeP, films in this
work, while the composition data is suggestive of a ZnGeP,-Ge
alloy forming, the TEM and XRD results indicate that this cannot
be the sole explanation.

TEM microscopy revealed changes in the amorphous phase
content and non-uniformity of the composition profiles with
changes in the growth conditions. The TEM microscopy was con-
ducted on two sample points, one point on the Zn-rich side of
the sample deposited at 380°C (closest to stoichiometric) and the
other point on the Ge-rich side of the sample deposited at 400°C
with a Ge power of 8 W (XRF Ge content of 40 at%). The TEM
cross sectional images and EDS depth profiles are displayed in
Figld In both films, there is an amorphous region near the Si
substrate that is more Ge-rich than the rest of the film. This is
consistent with the volatile elements, Zn and P, diffusing towards
the film surface at the higher growth temperatures, resulting in a
Ge-rich region at the substrate interface.®? However, in the sam-
ple deposited at 400°C the amorphous region is significantly more
Ge-rich than in the film deposited at 380°C. In the sample de-
posited at 380°C, there is an additional amorphous region near
the top of the film. Contrary to the amorphous region near the Si

Journal of Materials Chemistry C

substrate, the amorphous region at the top of the film is the same
composition as the rest of the film. In both films, the crystalline
regions have very consistent composition throughout that region.
It should be noted that the atomic percents of Zn, Ge, and P de-
termined from the EDS line scan for these points differ from the
XRF values shown in Fig. This difference is likely due to the
larger sampling area in the XRF compared to the TEM EDS and
the varied composition throughout the cross-section of the sam-
ples. Overall, the data from the TEM images and EDS analysis
show that off-stoichiometry, in the form of excess Ge in the Ge-
rich samples, exists in both the crystalline portion of the film and
in the amorphous layers.

X-ray diffraction (XRD) data for these films support the conclu-
sion that the disordered zinc-blende structure was formed during
the deposition. Representative XRD patterns are shown in Fig[5]
(a), with the color of the data traces representing the Ge content
in the films. The reference patterns for the ordered and disor-
dered structures are also plotted in Fig (a). It can be seen that
the XRD pattern for the ordered structure contains peak splitting
in all of the peaks after 30°, while the disordered structure does
not. The XRD patterns for the ZnGeP, samples lack the charac-
teristic peak splitting of the ordered structure, instead matching
the disordered XRD pattern. Pawley refinements were performed
to extract the cubic zinc-blende lattice parameter, which is plot-
ted in Fig (b) as a function of Ge content. The lattice param-
eter results show that there is not a clear linear trend with Ge
percent, as would be expected if there was a ZnGeP,-Ge alloy
forming. It is possible that there are slight tetragonal distortions
in the crystal structure that aren’t captured by fitting the data to
the zincblende structure. However, fitting the XRD data with the
tetragonal structure did not improve the goodness of fit for the
model. From the TEM data, we have seen that there is varied
composition throughout the films and excess Ge incorporating in
both crystalline and amorphous regions. The information from
both the TEM and Pawley refinements suggest that Ge is alloy-
ing with ZnGeP, in the crystalline regions of the film resulting
in a larger lattice parameter. However, the non-uniformity of the
microsctructure in each samples makes it difficult to establish a
trend across all of the samples. Further optimization in synthesis
will be needed to develop uniformly crystalline and stoichiomet-
ric films.

The absorption coefficient data supports the conclusion that the
films are disordered and that varying Ge content can be used to
tune the absorption onset energy. The absorption coefficient data
is shown in Fig[6)(a) with the color of the data trace indicating the
Ge content in the films. The absorption onset energy across all of
the samples is much lower, 1.3 to 0.8 €V, than what would be ex-
pected for fully ordered ZnGeP,, 2.2 eV. This result is consistent
with the previous work demonstrating a decrease in absorption
onset energy with increased disorder in ZnGeP, thin films.2% The
absorption coefficient data for a previously published film with
a long range order parameter, s, of 0.51(1)4 is included in the
plot in Fig. [6] (a) to highlight that the films in this work have
even lower absorption onset energies. This result indicates that
these films would likely have lower long-range order parameters
corresponding to more disordered cation-site occupancies on av-
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Fig. 4 (a) TEM cross-sectional image and (b) EDS line scan for the film deposited at 380°. (c) TEM cross-sectional image and (d) EDS line scan

for the film deposited at 400°C.
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erage. Additionally, there is also a trend in decreased absorption
onset energy with increased Ge content, as illustrated by the color
spectrum in Figl[f] (a). The band gap of crystalline Ge is known
to be 0.66 eV, so this might explain the resulting decrease in ab-
sorption onset energy in Ge-rich films. This trend is even more
clearly visualized in Fig. [6{(b) where the absorption threshold en-
ergy, the energy at which the absorption coefficient reaches the
10* value, is plotted as the marker color on the ternary phase di-
agram. Fig. @(b) highlights the decrease in absorption threshold
energy, from 1.3 to 0.8 €V, as the films become more Ge rich and
Zn and P deficient. These results suggest that in ZnGeP, there is
the additional possibility to tune optical properties through off-
stoichiometry and Ge content. However, it should be noted that
the inclusion of an amorphous Ge-rich layer could also be con-
tributing to this trend in absorption onset energy.

Electrical measurements were attempted on the crystalline
ZnGeP, films, however the films were too resistive to obtain con-
sistent data. These findings are consistent with previous experi-
ments in the literature on bulk ZnGeP, samples, which found the
material to have carrier concentrations ranging from 10'0-10!7
cm 3 2642 Fyrther experimentation on how electrical properties
might change with doping and cation ordering are needed to fur-
ther shed light on the electrical properties of ZnGeP,.

3.3 Points Defects and Disorder

In order to understand how native point defects might allow for
ZnGeP, to exist at off-stochiometric compositions, theoretical cal-
culations were performed to determine the formation energy of
various native point defects. The ternary phase stability map of
Zn-Ge-P phases in chemical potential space is shown in Fig[7)(a).
The ZnGeP; stability region is bounded by the binary compounds
GeP, GeP3, ZnP,, and Zn3P,. To account for various experimental
growth regimes, the formation energy of native defects were cal-
culated at multiple corners of the ZnGeP, phase stability region,
labelled 1 through 5 in Fig[7(a). The films in this study were all
Ge-rich (Auge = 0 €V) and P-poor, which corresponds to condi-
tions near points 1 and 2. The defect diagrams for points 1 and
2 are shown in Fig[7|(c) and [7[(d) with the equilibrium Fermi en-
ergy labelled. The defect energetics at other corners of the phase
stability region can be found in the supplemental information.
The equilibrium Fermi energy was calculated for a temperature
of 400°C to match the synthesis temperatures of the films in this
study. From Fig[7|(c) and[7|(d) it can be seen that the equilibrium
Fermi energy lies near the mid-gap, suggesting charge compensa-
tion. The free carrier concentration calculated at all five points
ranged from 10! to 10!3, which also supports the experimental
finding that the samples are insulating.

To assess the prevalence of the more energetically favorable
point defects in ZnGeP,, Fig[7|(b) illustrates the concentration of
four different point defects at each of the corner points from the
chemical potential space map. The defect concentrations shown
in Fig[7(b) were calculated at a temperature of 673K to match
the synthesis temperature of 400°C. However, due to the non-
equilibrium and energetic nature of sputtering the effective tem-
perature associated with the growth process is likely much higher
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than 400°C.43 As a result, the exact numbers plotted in Figb)
are an underestimate of the defect concentrations in these films.
However, the trends shown in Figb) remain the same at in-
creased temperatures and a plot of the defect concentrations at
an effective temperature of 1000K can be found in Fig. S4 in
the supplemental information. In Fig[7|(b), it can be seen that at
points 1 and 2, Ge on Zn antisite (Gez,) and Ge on P antisite
(Gep) are the two most favorable defects and they are present
at significantly higher concentrations than Zn on Ge (Zng.) or P
on Ge (Pg.) anti-sites. The favorability of Ge antisite defects on
both the cation and anion sites provides another possible mech-
anism for the ability to form ZnGeP, at the Ge-rich compositions
shown in this paper. With this knowledge from the point defect
calculations, it is likely that excess Ge, in the ZnGeP, samples re-
ported here, is incorporating in Ge-rich amorphous regions and
as a Ge-ZnGeP; alloy aided by the favorability of the Ge antisite
defects.

Additionally, as shown in Figc) and (d), Gep and Gey, an-
tisites are deep defects. Deep defect levels arising from acceptor
Gep antisites are present around 1 eV above the valence band
edge and multiple defect levels for donor Gey, antisite around
0.6-0.8 €V below the conduction band edge. The presence of a
transition level around 1 €V above the valence band maximum
seems to be consistent with the absorption onset observed in our
samples (Fig. [6). Our calculated defect energetics qualitatively
agree with previously published studies,#4¢ which also find the
presence of high concentrations of Gep and Gey, antisite defects
with deep levels. The quantitative differences in the defect con-
centrations is attributed to the the differences in the DFT func-
tionals used and more importantly, the thermodynamic phase sta-
bility. Unlike Ref. [44] we find that GeP and GePj3 are stable phases
i.e., they lie on the convex hull, which is due to the use of fitted
elemental phase reference energies (see Methods Section) that is
known to provide better estimates of formation enthalpy.2>

Deep defects are undesired in photovoltaic absorbers because
they act as centers for non-radiative carrier recombination. 4748
Fig[7[(b) also provides information on which growth regimes
would result in lower concentrations of the deep antisite defects.
For example, at points 3, 4, and 5, which correspond to more
Ge-poor conditions, the concentration of Ge antisite defects is de-
creased by two orders of magnitude. However, further work on
the experimental synthesis of ZnGeP, is needed to access the Zn
and P-rich growth regimes.

4 Conclusions

In this work, we have demonstrated the growth of combinatorial
amorphous and cation-disordered crystalline ZnGeP, thin films
using reactive sputtering with PH3 gas. Amorphous films were
grown over a wide range of compositions showing the poten-
tial to grow compositionally tunable phosphides with this growth
method. An upper limit in the substrate temperature was de-
termined by the volatility of Zn and P. However, we found that
operating in a Ge-limited regime by lowering the Ge power could
be utilized to slow down the growth rate and compensate for the
desorption of the Zn and P. Ge-rich crystalline films were achieved
by depositing the films at higher temperatures in this Ge-limited
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regime. Point defect calculations found Ge on the Zn site and
Ge on the P site to be favorable defects, providing a possible ex-
planation for the excess Ge in crystalline films. The crystalline
ZnGeP, films exhibited absorption energy threshold values rang-
ing from 1.3 to 0.8 €V. A decreased absorption threshold energy
was found to trend with increased Ge content in the films. While
there is significant work remaining to optimize synthesis condi-
tions, these results highlight the strong potential for exploring
phosphide materials using a combinatorial approach.
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