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ABSTRACT: High-throughput synthesis and characterization = Combinatorial Sputtering Nitrogen Gradient

methods can significantly accelerate the rate of experimental
research. For physical vapor deposition (PVD), these methods
include combinatorial sputtering with intentional gradients of
metal/metalloid composition, temperature, and thickness , N, j Ar
across the substrate. However, many other synthesis

parameters still remain out of reach for combinatorial

methods. Here, we extend combinatorial sputtering parameters

to include gradients of gaseous elements in thin films.

Specifically, a nitrogen gradient was generated in a thin film sample library by placing two MnTe sputtering sources with
different gas flows (Ar and Ar/N,) opposite of one another during the synthesis. The nitrogen content gradient was measured
along the sample surface, correlating with the distance from the nitrogen source. The phase, composition, and optoelectronic
properties of the resulting thin films change as a function of the nitrogen content. This work shows that gradients of gaseous
elements can be generated in thin films synthesized by sputtering, expanding the boundaries of combinatorial science.

KEYWORDS: physical vapor deposition, high-throughput experiments , spatially resolved characterization, thin film,
combinatorial sputtering

B INTRODUCTION

Combinatorial thin film deposition techniques and related
spatially resolved characterization enable new high throughput
experimental insights into novel and existing material
systems.' > Through manipulation of various experimental
conditions during physical vapor deposition (PVD), combina-
torial techniques have demonstrated gradients in metal/
metalloid composition,” substrate temperature,”” and film
thickness,” such that a single synthesis can produce many
different samples. However, few reports exist concerning the
effects of atmospheric gas gradients in the PVD environment.
Inhomogeneity in the surrounding gas environment has the
potential for non-negligible effects on material composition,
structure, and properties. This is particularly important in
combinatorial sputtering chambers that rely on fixed metallic
sources and substrate positions to create the appropriate

annealing have been reported to have a significant effect on the
efficiency of photovoltaic devices with chalcogenide absorber
materials such as CIGSe." Oxygen content gradient was
observed due to inherent inhomogeneity in pulsed laser
deposition (PLD) of SnO,.'* Varying oxygen content in thin
films made by molecular beam epitaxy (MBE) was obtained by
orienting vanadium metal and oxygen rich vanadium oxide
sources opposite to each other."” These studies demonstrate
the importance of a vapor phase gradient as a parameter in high
throughput experiments.

In radio frequency sputtering (RF sputtering), typically the
sputtering chamber atmosphere is assumed uniform; thus,
combinatorial gradients of different process gases are usually
not studied. However, in noncombinatorial literature, it is
known that inhomogeneity of thin films can be introduced at
different substrate positions because of different gaseous

gradient.

Directional control of vapor phase constituents in thin film
deposition processes has been previously demonstrated in
metal organic chemical vapor deposition (MOCVD).” By
manipulating the spatial arrangement of different gaseous
precursor sources, one can generate a composition gradient
within vanadium oxynitride thin films for combinatorial
syntheses.'” Besides, gradients in gas phase transport during
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particle bombardment energies," " as in the case of negative
oxygen ions. It is also known that the film gradients can be
introduced by the different mean free path and resulting
reactivity of gaseous precursors,l(”17 such as atomic nitrogen
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Figure 1. (a) Illustration of the combinatorial sputtering method used to create nitrogen gradient in thin film sample library. Two identical MnTe
sputtering targets are set up opposing each other, one receiving Ar as sputtering gas, while the other one receiving both Ar and N, through gas
outlets that are on the opposite side of each gun shield. The square substrate is placed above, such that a thin film material library is produced. (b) A
grid of 44 points on the sample is established for spatially resolved characterization. The distance of each point between the nitrogen source increases
from top right to bottom left along the sample diagonal. The distance from the nitrogen source in this work is defined as the distance from the
intersection of substrate plane and the extrapolation of the Ar + N, gas pipe.

plasma versus molecular nitrogen plasma. Various gases such as
oxygen, nitrogen, hydrogen, and halogens, are also frequently
used for doping in sputtering,"~*" indicating the importance to
investigate the gas phase influence on resulting films. For
sputtering experiments, the gas atmosphere may not be
uniform in the chamber, especially for modern sputtering
cathodes, where there is an option to supply gas close to the
target surface.”””* Thus, more attention should be paid to the
relative position of the gas sources and its ability to influence
the overall film properties.

Here, we determine nitrogen content in a combinatorial
sample library as a function of the distance from the nitrogen
source. Two identical sputtering cathodes loaded with MnTe
targets are placed opposite to one another. The sputtering gas
used to maintain plasma on each target is different, where one
gun utilizes only argon and the other a combination of nitrogen
and argon. We find that the nitrogen content in the thin film is
higher, and the corresponding effect on the film is stronger, at
substrate positions closer to the nitrogen source. The results of
this work indicate that gradients of gaseous elements can
influence the film properties and be applied as a combinatorial
variable, expanding the scope of high-throughput experimental
methods. This new understanding should allow for better
control of composition from gaseous species and vapor phase
effects during PVD syntheses.

B EXPERIMENTAL DETAILS

All thin film libraries presented in this work were synthesized in
a combinatorial physical vapor deposition system AJA Orion 8
described in previous work.”**> As illustrated in Figure la, two
MnTe targets were placed at an incident angel of 18° relative to
the normal vector of the substrate surface, with the target-
substrate height of 134 mm. Processing ultrahigh purity gases
were introduced through a single port on each cathode shield.
One sputtering source is plumbed to argon only, while the
other source provides a mixture of argon and nitrogen. As
plasma is generated around the target surface, a nitrogen-rich
plasma exists near one gun and a nitrogen-poor plasma near the
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other. This geometry modifies the surface of the MnTe target
near the nitrogen outlet, contributing to nitrogen incorporation
in the portion of the thin film nearest this source. The mixed Ar
+ N, source was plumbed through a pipe parallel to one of the
MnTe sputter cathodes. The outlet was in the same plane as
the target surface, as shown in Figure la. The color map in
Figure 1b shows the distance of each sample point from the
nitrogen source. The distance from nitrogen source in this work
is defined as the distance from the intersection of substrate
plane and the extrapolation of the Ar + N, gas pipe.

The total flow rate of Ar is 16 SCCM split between four
cathode gas outlets (2 are unused), while nitrogen is supplied
to a single gun only, with a flow rate of 1 and 2 SCCM. All
results below are based on syntheses using a 2 SCCM nitrogen
flow unless specified otherwise. The total operating pressure
was kept at 3 X 107 Torr, and the base pressure of the
chamber was around 5 X 1077 Torr. Quartz substrates (50.8
mm square) were used to avoid impurities that could cause
noise in compositional measurements. Each 50 mm circular
sputtering cathode was held at a power of 40 W (2 W/cm?)
after a S nm ZnTe buffer layer was deposited from another
cathode. In an effort to mitigate charging effects in the Auger
Electron Spectroscopy (AES) measurements, identical samples
were produced on indium-tin-oxide-coated (ITO) Corning
Eagle XG glass purchased from Delta Technologies, Ltd. The
back side of each substrate was pasted with silver paint
(“Leitsilber” by Ted Pella) to a sample platen to promote
efficient heating and uniform substrate temperatures while the
sample platen is heated by a SiC-based resistive heater. The
substrate temperature was 300 °C for all depositions. The
thickness of all the samples ranges from 200 to 300 nm as a
function of the distance to the nitrogen source as shown in
Figure S3. This thickness gradient is probably due to the fact
that the poisoning of MnTe target by nitrogen can reduce the
deposition rate.

The resulting thin film library is characterized at four rows
with 12.5 mm spacing and 11 columns with 4 mm spacing. For
these spatially resolved characterization, a predefined map is
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Figure 2. (a) Depth profile of atomic concentrations of the sample on ITO glass that is closest to the nitrogen source as measured by AES. The
oxygen signal near the surface is likely due to the surface oxidation in the air. (b) Nitrogen, manganese, Tellurium fraction in the samples on ITO
glass as a function of position on the sample library. It is obvious that nitrogen fraction is higher near the nitrogen source and vice versa for tellurium

fraction.

programmed for all measurements. X-ray diffraction (XRD) to
determine crystal structure was performed on a Bruker D8
Advance using Cu Ka (4 = 1.54 A) radiation and a high-
resolution 2D detector. Composition was determined using X-
ray fluorescence (XRF) on a Fischer XDV-SDD with a Ru X-
ray source. Custom four point probe and sheet resistivity
measurement systems built in-house utilized a Keithley source
and voltage meter to control current and measure voltage.”®
UV—vis spectroscopy was performed on a custom spectrometer
using fibers and detectors from Ocean Optics scanning a range
of 300—1000 nm. Further details about these spatially resolved
characterization techniques have been published elsewhere.””**

Single-point measurements were applied to specific points on
samples in order to collect more detailed information on
nitrogen content in the films. A JEOL 6320F field-emission
scanning electron microscope (FE-SEM) using Thermo Fisher
Pathfinder EDX software was operated with lower energy
settings to maximize light element detection. Film composi-
tions were also analyzed using Auger electron spectroscopy. In
these measurements, a grid of depth profiles was performed
using a script (Reference Physical Electronics SmartSoft v
4.4.1.7 control and acquisition software) that drove the sample
manipulator, an argon ion gun, and spectral data acquisition. A
5 kV, 20 nA primary beam was used for analysis and sputter
depth profiling was conducted using a 3 kV beam of Ar+. Direct
spectra were numerically differentiated and analyzed as
described previously.”” Elemental compositions for each
depth profile were determined using standard elemental
sensitivity factors, integrated over depth, and composition
normalized to 100%. The massive amount of data generated by
each measurement was analyzed by customized procedures in
Igor Pro. The data will be made available through the High
Throughput Experimental Materials Database (HTEM) at
https:// htem.nrel.gov.30

B RESULTS AND DISCUSSION

We choose MnTe to investigate the effect of nitrogen gradients
on the samples, and explore the dependence of nitrogen
content on relative distance from the nitrogen source. MnTe
was chosen for several reasons. MnTe has long been
investigated as a traditional semiconductor and plays an
important role in alloying with other chalcogenide semi-
conductors.”* It is predicted that nitrogen doping in MnTe is
unfavorable due to the formation of MnN, secondary phases.”®
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For the purpose of this study, the secondary phase MnN,
would be an obvious indication of Nitrogen content in MnTe
thin films, since the change in XRD or optoelectronic
properties induced by MnN, can be easily detected. In
addition, N is supposed to substitute for Te, since compounds
of Te and N are unstable. This is expected to lead to a deviation
of Mn/Te ratio from unity, which can be easily measured.
Thus, nitrogen substituted MnTe samples have been prepared
to test the effect of nitrogen addition on the sample phase
content, and its dependence on relative position from nitrogen
source.

Figure 2a shows the atomic concentrations in a N-containing
MnTe sample on ITO glass nearest to the nitrogen source, as a
function of the depth profiling time in AES. Nitrogen content
through the thickness of the film is not uniform, with slight
accumulation close to the substrate. The sharp increase of
oxygen at the zero sputtering time implies the oxidation near
the surface. This oxidation is assumed to come from the long
exposure time in the air. The oxidation in the deposition seems
unlikely since the base pressure can be as low as 5§ X 1077 Torr
and the oxidation only appears at the surface.

Figure 2b shows atomic concentrations for 8 points across
the surface of the sample library deposited on ITO glass, as
determined by integrating AES depth profiles. Nitrogen content
clearly decreases from 0.086 to 0.059 as distance from the
nitrogen source increases. At the same time, the tellurium
content increases from 0.49 to 0.5S5, and manganese content
decreases slightly as a result of the substitution of Te by N in
the film. The decrease of Mn with increasing distance from the
N, suggests the presence of Mn;N,, a more Mn-rich compound
than MnTe, near the N, source. Generally, nitrogen is believed
to substitute Te in II-VI compounds, and at high
concentration may form metal-nitride compounds.****

To obtain composition results for all 44 points on the sample
map, we used a combination of low-throughput AES/EDX
results and high-throughput XRF measurements. To quantify
nitrogen content of the remaining points, we used the ratio of
heavier metallic elements, which is easily obtained from simpler
methods such as XRF, as an input data. This in turn required
establishing quantitative relationship between the metal
composition and the nitrogen content from the samples
where they were measured. For these calculations, we assume
that all atoms in the film follow charge conservation laws, that
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Figure 3. (a) NFPX content as a function of (Mn"P* — TefPX) from EDX measurements on a few samples. The line is the fitting relationship, and the
points are measured values. (b) Estimated N based on EDX/XRF and Te** /(Mn*** + Te**F) obtained by XRF for one sample library. Estimated N
decreases with increasing distance from nitrogen source, while Te***/(Mn**F + Te*®F) increases.

(a) Distance from
- |Nitrogen (mm)
> 1070 5 MnTe
-(8“ 26 (36.9°)

- 87 37 |MnTe MnTe MnTe
© — 50 (|28.4") (439" (48.2%)
>
= 6_

2
(%2}

T 4
S

£
° 2
N
Tg W
5 91
z MnsN7 (42.8°)

T T T T T T T
20 25 30 35 40 45 50
20(degrees)

(b)
?;2 60 &
. - n
g 250 02
5
v
$ 200 03
g E
o 4
% 40
< 1504 <!
] 30 &
5 El
s 1004 3
o 20
B

50

0.15 0.20 0.25
Estimated N ratio

1
0.30

Figure 4. (a) XRD patterns of different points with different distances from nitrogen source. At these high nitrogen contents the Mn;N, secondary
phase is introduced. (b) Area under Mn;N, peak (42.8°) as a function of distance from the nitrogen source. The nitrogen induced Mn;N, phase
increases with decreasing distance from the nitrogen source, as nitrogen content in the film increases.

is, that Mn*" is bonded with Te?”, and that remaining Mn®* is
bonded with nitrogen.

Figure 3a shows the N*"X as a function of (Mn*"* — Te *PX)
from EDX results for films deposited with nitrogen flow rate of
1 and 2 SCCM. Detailed NEPX MnfPX TeEPX data are
summarized in Table S1. The points represent measured values,
and the large scatter of the points originates from the intrinsic
measurement difficulty of nitrogen via EDX. However, we have
some confidence in the overall trend because it correlates well
with the expected trend in the XRD patterns shown later.
Therefore, the line fits were performed to get the relationship
between NFPX and (Mn®PX — TefPX):

NFPX = 0.11 4 0.40 x (Mn"P* — Te"PX) (1)
Since only N¥PX, Mn®PX, TefPX are present in the sample, the
sum of their atomic fractions is set to 1

@)

In addition, Mn*® /TeX®¥ can be also be obtained from XRF.
Assuming that the metal ratios in both XRF and EDX are the
same

NEDX + MnEDX + TeEDX =1

MnEDX/TeEDX ~ MnXRF/TeXRF

©)
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one can use three equations (eqs 1—3) with three unknowns
(NEPX) MnFPX, TeFPX) to estimate the nitrogen content from
the measured Mn*** and Te**" values.

We note that this is just an estimate of the nitrogen content,
because the standard deviation of the slope in eq 1 is quite large
(25%) because of the difficulty in measurement of nitrogen in
EDX. To get higher confidence in these results, we repeated
this analysis procedure using AES data, denoted as N*Y¢ and
(Mn®YC — TeAYS), The fit obtained can be described as NAYG
= 0.1 + 0.3 X (Mn*Y¢ — Te*YS), shown in Figure SI. This is
very similar to the relationship derived in eq 1, with the
difference in slope that may result from the Mn/Te
measurement uncertainty in AES. Estimated N from both
equations (from Auger and EDX data) are compared in Figure
S2, which shows that they share similar trends with slightly
different values, increasing the confidence in our analysis
procedure.

Figure 3b shows the result of estimated N and measured
Te*F/(Mn**F + Te*®¥) ratio for all samples in one library. As
a comparison, when both sputtering guns used only Ar as a
process gas with all other parameters being the same, Te**F/
(Mn™® 4 Te*®F) ratio was uniform around 0.5. However, when
nitrogen is plumbed to one of the sputtering guns, Te**¥/
(Mn*®F 4 TeXRF) is below 0.42. Moreover, the TeX™/(Mn*®
+ Te*®¥) ratio increases with increasing distance from the
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Figure S. (a) Electrical conductivity and (b) average optical absorption from 1.5 to 2 eV as a function of area under Mn;N, peak and nitrogen
content, with distance from N, source as a color scale. Conductivity and absorption increase as the estimated nitrogen content and the area under

Mn;N, increase.

nitrogen source, indicating the presence of nitrogen in the areas
closer to the nitrogen source. The estimated nitrogen from
EDX/XRF calibration decreases from 0.26 to 0.17 with
increasing distance from the nitrogen source. Similarly, the
estimated N from Auger/XRF calibration shows the same trend
as a function of distance, but with lower overall N values
(0.129—0.137), and higher Te/(Mn + Te) ratios (0.461—
0.472). This result shows the suitability of this method in
determining a gradient in nitrogen content.

Introduction of nitrogen into MnTe also causes the crystal
structure to change, illustrating the importance of a controlled
gas ambient environment in PVD. Figure 4a shows the XRD
patterns of four points of a library, with distance from the
nitrogen source 15, 26, 37, and 50 mm, respectively. All films
show the NC (Nickeline) phase of MnTe with one small peak
attributed to Mn;N,. It is not unexpected that nitrogen in the
film can induce a manganese nitride secondary phase at high
concentration, in addition to serving as a dopant at low
concentration. The noisy XRD patterns here mainly come from
the intrinsic poor crystallinity caused by nitride impurities. It
should be noted from Figure 4a that MnTe peaks decreases as
the Mn;N, increases but without any measurable shift in
position. This indicates the decrease of the MnTe crystallinity
induced by the presence of Mn;N,. While the Mn;N, peak is
small, Figure 4b shows the area under that peak (at 42.8°)
increases as estimated nitrogen increases, again suggesting the
validity of the calculation method used above. The error bars
for the area are seemingly large, but the trend is clear due to
combinatorial character of our method. The error of the
estimated N ratio mainly comes from the fitting deviations
(25%) in the EDX measurement results (Figure 3a). The color
scale of each point gives the distance of the measured point on
the thin film from N, source.

Optical and electrical properties also vary across the library
(Figure S). To determine if the gradient of conductivity and
absorption is related to nitrogen, we correlated these
optoelectronic properties with the nitrogen content and with
the area under Mn;N, peak. Since the area under impurity peak
is linearly related to estimated N content (see fits in Figure 4b),
these two quantities are plotted as bottom and top axis of
Figure S. As shown in Figure Sa, the conductivity of the sample
libraries increases with increasing MnyN, peak area (bottom
axis) and the corresponding nitrogen content (top axis). This
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increase in conductivity can be explained by the high
conductivity of manganese nitride compounds (~200 S/cm
for MnN, deposited at 100 °C) compared to the MnTe
compound (~10 S/cm for pure nickeline phase deposited at
300 °C). Figure Sb depicts the average absorption in the 1.5—
2.0 eV spectral range as a function of impurity peak area and
the nitrogen content. We can attribute the observed increase in
absorption to the appearance of Mn;N, phase, because pure
NC-MnTe shows an average absorption of 5§ X 10* cm™,
whereas the MnN,, compound shows a higher absorption of 3 X
10° in the same range (1.5—2.0 eV). Generally, these changes of
the optoelectronic properties verified the motivation for the
choice of MnTe for this study, that the nitrogen doping in
MnTe would result in the secondary MnN, phase that can be
easily detected. The optical and electrical property changes
correlate well with the nitrogen content gradient, confirming
the success of this method of inducing nitrogen gradients in the
films.

Finally, we discuss our results in the context of the previous
studies on the combinatorial gradient of oxygen content in PLD
and MBE."”" In PLD, the oxygen gradient originates from
inhomogeneity of the plasma plume, which is difficult to
control and may be inherent only to this technique. In MBE,
there is a more controlled oxygen content gradient, but this
requires two sources that have multivalent transition metal
states, which may not be applicable to the single valent main
group metals. In the sputtering experiment described here,
nitrogen gradient can be controlled, because it is introduced by
the gas outlet rather than coming from compounds, which also
expands the application of this method to more material
systems. In addition, we note that sputtering is a very different
deposition technique compared to PLD and MBE because of
the presence of an electric field and the resulting unique plasma
kinetics. Thus, more detailed investigations are warranted to
further explore its potential in generating combinatorial gas
content, and to study the kinetic energy of the reactive gas
species as a function of distance from the target.

B SUMMARY

In summary, we demonstrated a simple cosputtering
configuration that can obtain a combinatorial gradient of
gaseous element content in a thin film sample library. The
nitrogen gradient was achieved by using two opposing sputter
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cathodes loaded with MnTe targets, one connected to pure Ar
gas and the other connected to a mixture of Ar and N,. The
MnTe is chosen since the nitrogen coordination effect in MnTe
can be easily measured. It was found that nitrogen gradients in
thin films can be achieved, correlating with the distance from
the nitrogen source, with the higher content closer to the
source of nitrogen. The nitrogen content changes the crystal
structure and the phase content of the material from MnTe, to
MnTe with Mn;N, secondary phase. The optoelectronic
properties of the resulting thin film sample libraries also
change as a function of the nitrogen content or the crystal
structure, further confirming the nitrogen gradient along the
substrate. The results of this work demonstrate the gradient of
gaseous elements in sputtered thin films, which has a potential
to expand the range of applications of combinatorial methods.
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