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Tin (IT) Monosulfide (SnS) has become an interesting new material for thin
film photovoltaics. SnS-based devices have achieved limited success in im-
proved solar cell efficiency. While annealing is a typical post-deposition
treatment used to improve thin film quality, sulfur volatility is an issue, de-
spite strong Sn-S bonds in tin sulfide compounds. Annealing of sulfur-rich
sputtered tin sulfide thin films in a vacuum environment has not been pre-
viously reported. In the present work, we investigated the optoelectronic
properties, crystallographic phase, and morphology of annealed, sputtered tin
sulfide thin films. Specifically, we studied the phase change and improvement
in material quality as a result of post-deposition heat treatments. Tin sulfide
thin films were sputtered with and without substrate heating. These samples
were then annealed between 300°C and 500°C under moderate vacuum
(<1 x 10~ * Pa) in the deposition chamber to find the optimal annealing pro-
cess for producing «-SnS. Significantly improved crystallinity and morphology
were seen in sulfur-rich thin films annealed at 400-500°C for 60 min. An-
nealed films had resistivity in the range of 30-300 Q-cm. Experimental
observations were confirmed by calculated phase diagrams, which show that
annealing around 400°C at low pressure is optimal to obtain a phase-pure o-

SnS film from an amorphous SnS, film.

Key words: Tin chalcogenides, SnS, sputtering, thin films, optoelectronic

properties, phase diagram

INTRODUCTION

Tin (II) monosulfide (SnS) is considered a
promising new absorber material for next-genera-
tion thin-film photovoltaic (PV) technology. SnS has
a bandgap energy of ~1.1-1.3 eV,"? a large above-
bandgap optical absorption coefficient of 10%*-
10° em~',® a high native free-carrier concentration
of ~10% cm~2* and an earth abundance of its con-
stituent elements. Despite these properties, which
suggest that PV devices with efficiencies as high as
24% are possible based on Loferski’s analysis of
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similar materials,” efficiencies of SnS-based devices
are lower than 5%,° with most results near or below
1% efficiency.*™® In order to improve the efficiency
of SnS solar cells, different approaches have been
tried. Crystalline quality has been improved,® opti-
mum device architecture has been suggested,’ and
detrimental effects of the secondary phases, such as
SnS, and SnyS3, potentially present in SnS layer on
the device performance, have been examined.'’
Many different methods have been utilized to
produce SnS thin films, including spray pyroly-
sis,*!! thermal evaporation,®'*!% atomic layer
deposition,”? sputtering of SnS target,'*'® and elec-
trochemical deposition.'® One shortfall of thermal-
based methods is the challenge to maintain a 1:1
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ratio of Sn:S. The high volatility of sulfur requires
excess sulfur in the system to ensure the deposition
of stoichiometric material. The challenge to main-
tain stoichiometric SnS extends further for post-
deposition heat treatments. Slight tin deficiency is
preferable, as tin vacancies will yield p-type mate-
rial. According to calculations for single crystal o-
SnS, Burton et al.l® found that 10'° ecm™3 tin
vacancies form, while only 10'? ecm ™2 sulfur vacan-
cies form. Tin vacancies form easily due to their low
formation energy. The high concentration of tin
vacancies relative to sulfur vacancies will cause SnS
to be p-type.*°

While these calculations are for single crystal o-
SnS, they can be used as a model for thin film
material. The literature shows that films have a
tendency to be sulfur deficient,>'*'® with potential
for tin migration to grain boundaries, surfaces,
interfaces, interstitial sites, or sulfur anti-sites. All
of these can be related to poor device performance.
Even with these defects, sulfur-deficient films are
still usually p-tjyzpe due to the high concentration of
tin vacancies.>'%1?

Sputter deposition is a process that can easily be
scaled for production. Films made from a SnS target
have been previously re_;)orted, but the results have
been less than ideal.’*'"® Sousa et al. reported re-
sults on the annealing of films sputtered from a SnS,
target deposited at room temperature.'® Their meth-
ods focused on furnace annealing in sulfur environ-
ment with a Ny + 5% Hj as the carrier gas. In their
study, films were also annealed in the inert environ-
ment without sulfur. They found that an annealing
temperature of 570°C for 15 min in a N, + 5% H,
500 mbar overpressure was sufficient to form a uni-
form SnS phase, and that no sulfur partial pressure
was the best for producing an phase-pure o-SnS film.
Despite a uniform SnS phase, the indirect band gap
was found to be 1.37 eV, which is higher than the ex-
pected 1.1 eV.%® The direct band gap of 1.41 eV was
closer to the expected value of 1.3-1.5 eV.%7

Understanding the phase relationship as a func-
tion of pressure, temperature, and composition is
important for developing the best process for SnS
thin films. Tin and sulfur are both volatile, but
sulfur tends to volatilize more easily than tin. For
the past few decades, a Sn-S phase diagram at
atmospheric pressure has been the only available
reference.?” We have modeled the Sn-S system
using the CALPHAD (CALculation of PHase Dia-
grams) method,?"?? aided by first-principles calcu-
lations.?®> The approach makes it possible to
calculate thermodynamic properties as a function of
composition, pressure and temperature, and hence,
provide quantitative phase stability to guide the
experiment design and to increase the understand-
ing of experimental outcomes similar to the thin
film growth of MgB, and BiFeQ3.2425

Sputtering from a SnS, target produces sulfur-
rich tin sulfide thin films, which can be annealed to
form various tin sulfide phases, depending on

annealing temperature and time. The goal of this
work was to pursue an alternative avenue for pro-
ducing highly crystalline «-SnS thin films that are
not sulfur deficient. Two heater types were em-
ployed to anneal films at moderate vacuum: (1) a
resistive rod heater and (2) a halogen bulb as the
heating elements. The major difference between
these heater types was their thermal mass, affecting
ramp and cool down times. The effects of annealing
temperature and time were also studied. Phase
diagrams were calculated to provide a thermody-
namic perspective when interpreting the annealing
results. The impact of annealing on films with and
without in situ heating was also evaluated.

EXPERIMENTAL

Tin sulfide thin films were deposited in a radio
frequency (RF) magnetron sputtering system in a
downward vertical geometry at room temperature.
Films were deposited using a 3” diameter tin disul-
fide (SnS,) target of 99.999% purity (LTS Research
Laboratories, Inc.). Films were co-deposited on sili-
con-nitride—coated silicon wafers and glass micro-
scope slides. Target-to-substrate throw distance was
11 cm. A turbomolecular pump allows the chamber
to reach base pressures below 2.66 x 10~° Pa. Sam-
ples were deposited at 1.33 Pa for 10 min with
plasma power of 115 W. Most samples were de-
posited with no substrate heating (RT), but some
samples had substrates heated to 150°C. Samples
were annealed for 30 min or 60 min between 300°C
and 500°C. As-deposited samples were also studied
for comparison to annealed samples.'*1”

Annealing in moderate vacuum (<10 * Pa) was
done in the same chamber as the deposition.
Annealing immediately after deposition without
breaking vacuum helped minimize any surface oxi-
des that could form prior to annealing. Two types of
heaters were used for post-deposition annealing to
develop an optimal and repeatable process for pro-
ducing ¢-SnS. The first was a resistive heater with a
large thermal mass, while the second was a halogen
lamp to heat a thin copper stage. The ramp time and
cool down time was much longer for the resistor
heater than for the halogen heater. Ramp times for
the resistive and halogen heaters were about
15 min and 8 min, respectively, while cool down
times were 4 h and 2 h, respectively, for a 400°C
anneal. Sample C4 had two levels of heating. The
heater temperature was quickly increased to 350°C
in <5 min, which was followed by a slow increase to
400°C in about 30 min. A 60-min annealing time
was measured from the time it reached 400°C.
Ramp time and cool down time impacted film
properties; therefore, annealing time was adjusted
to replicate results. Table I summarizes deposition
conditions of the samples examined in this study.
The prefix in the sample name was designated to
key process conditions: “A” for non-annealed sam-
ples, “C” for samples annealed in vacuum with the
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Table I. Summary of samples deposition conditions and annealing specifications

Sample Average substrate

name temperature (°C) Heater
Al 38 N/A
A2 150 N/A
C1 38 Halogen
C2 38 Halogen
C3 38 Halogen
C4 38 Halogen
D1 38 Resistive
D2 150 Resistive
D3 38 Resistive
D4 150 Resistive

Annealing Annealing Thickness
temperature (°C) time (min) (nm)

- - 310

- - 380
400 30 340
400 60 280
500 60 250
400 60 276
300 30 230
300 30 370
400 30 220
400 30 300

halogen heater, and “D” for samples annealed in
vacuum with the resistive heater.

Film thickness was determined using a Tencor
profilometer. Surface morphology of the films was
assessed using a Zeiss SMT 1530, high-resolution
field emission scanning electron microscope (FES-
EM). Composition was determined via electron dis-
persive spectroscopy (EDS) using an FEI Nova
NanoSEM 630 FESEM with an EDAX detector. A
single crystal sample of SnS was used as a standard
for this measurement. Phase analysis was deter-
mined from x-ray diffraction (XRD) patterns. XRD
measurements of films were done on a PANalytical
X’Pert PRO MPD in grazing incidence mode at an
incident angle of 1° and detected from 10° to 70°.

When possible, band gap energies were deter-
mined for films using spectroscopic ellipsometry
data. Films were measured using a Woollam dual
rotating compensator spectroscopic -ellipsometer
(RC2). Data were analyzed in CompleteEASE to
determine the complex index of refraction, using a
general oscillator to model the optical constants.
The imaginary component, or extinction coefficient
(k) was used to determine the absorption coefficient
() using the following equation:

o= 4nk/) (1)

Tauc plots were used to extract band gap from the o.
Further details regarding the analysis are described
in previous work.*

Resistivity was determined using TLM measure-
ments. Titanium (Ti) contacts were sputtered on the
surface of samples using a stencil mask. The TLM
pattern consisted of five lines 6-mm long, spaced
0.2 mm, 0.3 mm, 0.5 mm, and 0.7 mm apart. Films
with low resistivity (<200 Q-cm) values were also
checked using a four-point probe. Conductivity type
of thin films was extracted from hot probe mea-
surements. In this technique, the voltage difference
across two probes, one heated one at room temper-
ature, was measured using a soldering iron as the
heat source. The sign of the voltage drop detected
indicates the carrier type.?®
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Fig. 1. XRD data for films where annealing resulted in films with
Sn,S3 or SnS; as the primary phases.

CALCULATIONS

In CALPHAD modeling, one uses thermochemical
data (measured or calculated from first-principles)
and phase equilibrium data to evaluate model
parameters for the Gibbs free energy of individual
phases as a function of temperature, composition
and pressure for each phase relevant for the system.
Phase diagrams can then be calculated at any given
conditions by minimizing the total Gibbs free energy
of the system, and hence, thermodynamic informa-
tion is not restricted only to those conditions for
which experimental data is available. In the present
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work, the software Thermo-Calec was used for all
phase diagram calculations.

RESULTS
Experimental Results

Films characterized for these experiments were
separated into two categories: (1) films that contain
high-sulfur content phases and (2) films that are a
phase-pure o-SnS. XRD patterns and SEM micro-
graphs for films fitting the first category are shown
in Figs. 1 and 2, respectively. Powder diffraction
files (PDF's) that match the phases present in the
films are shown in Fig. 1. Sample Al is mainly
amorphous, as were all films grown at room tem-
perature with the SnS, target. Three unique PDF's
can be used to match the phases in the other tin
sulfide thin films: herzenbergite, or «-SnS (PDF #4-
4-8696; Ortho; Pbnm; a = 4.329, b =11.192, and
¢ = 3.984 A), berndtite SnS, (PDF #23-677; Hexag-
onal; P-3ml; a=b=3.65 and ¢ =590A), and
ottemannite SnyS3 (PDF #97-65-6782; Ortho; Pmna;
a=8864, b=3747, and c = 14.020 A). As-de-
posited films grown with substrate heating or an-
nealed films typically crystallized into at least one of
these phases. Figure 1 shows XRD patterns for
films with higher sulfide phases SnS, or Sn,Ss.
Some of these films also have o-SnS present. Sample
A2, shown in Fig. 1, has some similar peaks
matching SnS,, suggesting its presence in these
films. Samples C1, D1, and D2 primarily contain
SnySs. Remnants of SnS, are evident for sample D2,
which was annealed from a sample similar to sam-
ple A2. The result suggests that it is harder to
convert the crystalline SnS, film to SnySs3, whereas

samples C1 and D1 were annealed from amorphous
material that more easily formed a uniform Sn,S;
phase.

Figure 3 shows XRD patterns of films with the
second category of films, with only «-SnS phase and
morphology of these films shown in Fig. 4. These
films were annealed at sufficiently high tempera-
ture for sufficient time to yield «-SnS; however,
remnants of other tin sulfide phases may be present
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Fig. 3. XRD pattern for films in which resulted in a complete phase
change to «-SnS.

Fig. 2. SEM micrographs of films with multiple phases or high sulfur content phases (SnS, or Sn,S3).
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Fig. 4. SEM micrographs of samples exhibiting «-SnS phase.

Table II. Resistivity for films determined by TLM measurements with Ti top contacts and four-point probe

Sample Resistivity from Resistivity from Conductivity Direct band
name TLM (Q-cm) 4 pp (Q-cm) type gap (eV)
C1 7.9 x 10* Out of range Unknown Unknown
Cc2 41 27 + 4 p-Type 1.27 £+ 0.03
C3 60 35+4 p-Type 1.27 4+ 0.02
C4 Not meas 31+8 p-Type 1.11 + 0.03
D1 2.7 x 10° Out of range n-Type 0.93 + 0.03
D2 1.1 x 108 Out of range p-Type Unknown
D3 1.0 x 103 16 + 2 p-Type 1.25 + 0.02
D4 79 30 +4 p-Type Unknown

in small quantities, not detectable by XRD. The
PDF for «-SnS is also shown in Fig. 3, with peaks
aligning well with this phase. Figure 4 shows both
SEM micrographs of films grown on glass and sili-
con substrates for sample C4. Heater ramp time and
cool time impacted film morphology significantly,
and is seen in parallel for different substrates, as

glass and silicon have different thermal conductiv-
ity values.

Each phase has a different density, resulting in
variation in film thickness, shown in Table I. Crys-
tallite formation during the heated depositions also
impacted film thickness. Sample Al, which was
amorphous was much thinner than crystalline
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sample A2. This impacted the final thicknesses of
samples from the “D” series, which were annealed
from samples produced identically to samples Al
and A2. The total change in thickness was about
equal for all of these films, but the final thickness
was dependent on the starting thickness.

Band gaps of some films were determined from
spectroscopic ellipsometry data, and are listed in
Table II. Films with «-SnS as the dominant phase
all have band gaps in the range of 1.1-1.3 eV. For
some films, an optical model with low error values
could not be determined, and a band gap could not
be extracted for those films. Large error values were
likely caused by an inability to model a highly
irregular thin film, and suggests that the films were
non-uniform.

TLM measurements of films from the “C” and “D”
series showed that films deposited with in situ
heating have resistivity values several orders of
magnitude lower than those deposited at room
temperature and subsequently annealed (Table II).
Resistivity of samples was also checked using a
four-point probe. Only samples exhibiting a domi-
nant o-SnS phase could be measured. Other sam-
ples had resistivity too large for our measurement
system. Films grown on both silicon and glass sub-
strates were measured by four-point probe. Figure 5
shows the resistivity measured by four-point probe
and TLM with top Ti contacts versus base pressure
of the chamber prior to deposition. Measurements
from the four-point probe show that for the glass
substrates, there is a slight trend of improved
resistivity for lower base pressure. This may be due
to less oxygen or nitrogen impurities in the film.
However, this trend is not seen for TLM measure-
ments. All samples made on both substrates were
measured; however, some films on oxidized silicon
had a resistivity that was too high for four-point
probe measurements. There is insufficient data to
suggest a trend for the resistivity determined by
TLM, although they follow a similar trend for films
from the same deposition run, as indicated by the
grey arrows. No trend was observed for films based
on annealing temperature or time.

Conductivity type of films is listed in Table II.
Sample D1 is n-type, while all others measured are
p-type. According to its XRD pattern, sample D1 is
SnyS3, which can be either p-type or n-type,
depending on the dominant vacancy. This film likely
has more sulfur vacancies than tin vacancies,
causing it to be n-type. All «-SnS films were found to
be p-type, which is likely the result of tin vacancies
forming. Films without known conductivity likely
do not have a dominant carrier type, due to com-
pensating defects.

Phase Diagram Calculations

The conditions selected for the present phase
diagram calculations included pressure-composition
(P-x) diagrams at the annealing temperatures of

300°C, 400°C and 500°C (Fig. 6) and a temgerature-
composition (7T-x) diagram at 2.67 x 107> Pa and
1.33 x 10 * Pa (Fig. 7), which are within the ex-
pected range of pressure established for annealing.
In addition, a phase diagram was calculated show-
ing the sulfur partial pressure as a function of
temperature (Fig. 8). This diagram was used to
investigate how the phase equilibria changed if the
sulfur partial pressure of the annealing atmosphere
varied.

The conversion of the deposited S-rich films to a-
SnS during the annealing is a kinetic process, and
consequently, the course of events cannot solely be
predicted by thermodynamics. However, thermody-
namic information can provide valuable insight and
guidance when selecting process parameters, so
that the «-SnS is the stable solid phase in equilib-
rium with the gas phase.

The initial S-rich film is a metastable structure
and transformation to an equilibrium phase occurs
during annealing. From a thermodynamic point of
view, a number of different outcomes are possible,
depending on annealing temperature and pressure.
To demonstrate this, three pressure-composition
phase diagrams are calculated at three different
temperatures, 300°C, 400°C and 500°C (Fig. 6).
The ranges of base pressure (1.33 x 107°-1.33 x
10* Pa) that are expected in the annealing cham-
ber for annealing of C and D samples are marked in
grey in the figures.

At 300°C, Fig. 6a, formation of pure o-SnS films
cannot be expected, as the equilibrium phases for
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Fig. 5. Resistivity measurements determined from four-point probe
measurements and TLM with Ti top contacts for samples exhibiting
o-SnS phase versus base pressure of the chamber prior to deposi-
tion.
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Fig. 6. Calculated pressure-composition phase diagrams at (a) 300°C, (b) 400°C, and (c) 500°C. The expertimental base pressure, 10—
107° Torr (1.33 x 107°-1.33 x 10~* Pa), is marked to indicate the stability regions in the pressure range.

the concerned pressure range is either (1.33 x
107 °-1.33 x 10 * Pa) “SnyS; + gas” or “a-SnS +
Sn,S3” depending on the excess amount of sulfur. In
Fig. 6b, the phase diagram at 400°C is shown. At
this temperature, the base pressure range in the
annealing chamber contains the “a-SnS + gas” sta-
bility region, and successful annealing results are to
be expected, as long as the annealing time is not too
short. The phase diagram in Fig. 6¢ tells us that at
500°C, the only stable phase is gas for all sulfur
contents at and above 50%.

In Fig. 7a and b, temperature-composition phase
diagrams are shown for 2.67 x 107°-1.33 x
10~ * Pa, respectively. This diagram suggests that
an annealing temperature between 370°C and
400°C or 395°C and 430°C, respectively, should be
selected to ensure that a phase-pure #-SnS film is
the result. Preferably, a temperature from the

higher portion of the temperature interval should be
selected to shorten the required annealing time.

DISCUSSION

Characteristics for as-deposited films were deter-
mined prior to annealing. Films grown with no
substrate heating during the deposition had no
peaks or minimally identifiable peaks prior to
annealing, suggesting minimal crystallization, as
seen for sample Al in Fig. 1. The broad hump is
consistent with the XRD pattern seen for a clean
glass substrate and typical of amorphous materials,
also seen by Sousa et al.'® All non-annealed films
showed barely detectable nanocrystalline morphol-
ogy from SEM micrographs. These films exhibited
high contact resistances on the order of 10 MQ with
Ti top contacts. Thin film resistivity was not
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detectable by TLM due to the high contact resis-
tance, and the resistivity was too high to measure
using the four-point probe.

Films deposited with substrate heating crystal-
lized at 150°C. Sample A2 is an example of this re-
sult, with its XRD pattern shown in Fig. 1,
matching the SnS, phase. The film morphology
matches of sample A2 is shown in Fig. 2. Resistivity

of films deposited around 150°C were typically
<100 Q-cm, as determined from Ti TLM top con-
tacts. The stark difference in crystallinity of these
films was used to determine the impact of post-de-
position film processing.

During annealing, several reactions can occur
that affect the final crystal structure. Reactions 1-4
listed below represent the transformation of SnS, as
it is annealed.’®?” Control of these reactions is
important for guaranteeing the formation of a uni-
form phase. Reaction 4 is a dissociation reaction
predicted by Sousa et al.'®

SnSy(s) — /2SnS3(s) + HaSs(g) »
SnySs(s) — 2SnS(s) + 1eSa(g) (2
SnS(s) — SnS(g) 3

SnySs(s) + SnSy(s) — 3SnS(s) + 5S(g) 4

These reactions predict that the presence of sulfur
gas will suppress the formation of single phase SnS
as SnS, and SnyS3 will form. Figure 8 shows that
annealing in a sulfur environment to yield «-SnS
must be done at very low sulfur vapor pressure
(107! Pa). This small vapor pressure would be very
challenging to achieve precisely, suggesting that no
added sulfur pressure is best for annealing «-SnS.
Our experimental results match the calculated
phase diagrams in that annealing for 1 h at 400°C
produced «-SnS, while lower temperatures or
shorter time at 400°C produced SnySs. As the sys-
tem moves to lower pressure, a phase separation
region of «-SnS and tin-sulfur gas develops. At
300°C, SnyS; is stable at the system pressures of the
experimental work presented here, as shown in
Fig. 6a. According to Fig. 6b and c, both 400°C and
500°C are reasonable temperatures for the forma-
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tion of 2-SnS, but system pressure is important. At
500°C, the system pressure used for our experi-
ments was too low for optimal conversion to «-SnS.
If the annealing was allowed to proceed for longer
times, the whole film should have evaporated based
on the phase diagram. At higher pressure, it is ex-
pected that the process will be less sensitive to the
annealing time.

Annealing of amorphous films differed in mor-
phology and XRD patterns compared to annealing
crystalline films. Recrystallization requires much
more energy than producing a crystalline phase from
an amorphous film. This is seen in the morphology
shownin Figs. 2 and 4, where films grown at 150°C do
not show significant change after annealing. Con-
version of the film to «-SnS from a crystalline film was
possible at 400°C with the resistive heater, but its
morphology shows remnants of the original film.
Annealing amorphous films at 400°C consistently
formed «-SnS, using the halogen heater.

o-SnS formed for films annealed at temperatures
above 400°C. This maximum temperature needed to
produce a-SnS was significantly lower than results
reported by Sousa et al.'® but the annealing times
used here were much longer. Choice of heater had a
significant impact on formation of the «-SnS phase
due to the rate of cooling. The fast cooling associated
with the halogen heater caused samples annealed
under the same parameters to yield different re-
sults. The morphology seen in the SEM suggests a
time line of what occurs during the annealing pro-
cess for samples grown at room temperature: (1)
Sample C1 shows that amorphous tin sulfide con-
verts to small crystallites of SnyS; forming early in
the anneal; (2) Sample D3 shows the intermediate
step of these crystallites reforming into larger
grains; (3) Samples C2 and C3 show a final stage of
annealing in which large grains have formed. Based
on the progression of the morphology, it is likely
that a 40-50 min anneal at 400°C using the halogen
lamp may yield a film more similar to sample D3.

CONCLUSIONS

Formation of o-SnS thin films via annealing of
sputtered tin sulfide from a SnS, target was achieved.
Depositing from the SnS, target at room temperature
produced amorphous films, enabling crystallization
into SnyS3 or «-SnS during annealing, dependent on
time and temperature. «-SnS films produced via
these methods had significantly better electronic
properties than films made from a SnS target.'*'”
The morphology of the films showed large crystallites
and resistivity values <100 Q-cm, and suggests that
this method of processing will be better for integrat-
ing these films into photovoltaic devices. Phase for-
mation matches well to phase diagrams calculated for
low-pressure systems. Annealing to form «-SnS from
as-deposited films is possible with vacuum anneals at
400°C with sufficient time. Increasing the tempera-
ture and decreasing the annealing time could yield

a-SnS, but this must be done at increased pressure to
ensure better control of the process. Regardless of the
phase present in thin films, reaction progress tends to
the vaporization of sulfur and reduction of tin for
annealing in the vacuum environment. A faster
annealing process would be better for PV device
processing. Based on the calculations, annealing in
the temperature range of 395-430°C is suggested for
pressures around 1 x 107* Pa. While sulfur-defi-
cient films can have large defect concentrations due
to low formation energy of tin vacancies, these cal-
culations showed that annealing in sulfur atmo-
sphere is likely to yield unwanted secondary phases.
Utilization of these types of phase diagram calcula-
tions will accelerate identifying the best process for
future development of this material, particularly
when as-grown doping of the material is investigated.
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