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Thin film synthesis and properties of copper nitride, a
metastable semiconductor

Christopher M. Caskey,“” Ryan M. Richards,” David S. Ginley,* and Andriy
Zakutayev*

Copper nitride (Cu;N) thin films were grown by reactive sputtering using a high-throughput
combinatorial approach with orthogonal gradients of substrate temperature and target-substrate distance.
This technique enables high-throughput modulation of the anion activity, and is broadly applicable to the
combinatorial synthesis of other materials. Stable, phase pure CuzN thin films were grown on glass
substrates at temperatures between 150 and 200°C, depending on the target-substrate distance. These
00L oriented thin films have 10 S/cm conductivity and 1.5 eV optical absorption onset, making CusN
interesting for future studies in the context of solar energy conversion applications. The analysis of the
synthetic results provides insights into the thermodynamic origins of the growth of metastable Cu;N, and
sets a nitrogen chemical potential of +1 eV/atom as a lower limit of the anion activity that can be
achieved in non-equilibrium thin film growth of metastable materials. The first step towards testing the
transferability of this result to other materials was made by reactive sputtering of tin, antimony, and

bismuth in nitrogen.

Conceptual Insights

This work evaluates the potential for energy conversion applications
of copper nitride, a rather unexplored simple binary metastable
nitride semiconductor. Studying copper nitride in the context of solar
energy conversion applications provides a conceptual advance in the
field of optoelectronic nitride semiconductors, a field that so far has
been limited to group III nitrides. Further, shown herein is a high-
throughput method for varying the activity of the anion during
sputtering. The high-throughput variation of nitrogen activity
demonstrated in this paper represents a readily applicable advance in
the field of combinatorial materials science, which to date primarily
focused on varying cation composition. Finally, this work provides a
framework for evaluating the likelihood of synthesizing other non-
equilibrium materials. The rationalization of the thermodynamic
metastability of the copper nitride material in terms of its convex
hull and atomic nitrogen chemical potential is a conceptual insight in
the field of materials-by-design, in particular computational
materials prediction, and was extended to the nitrides of tin,
antimony, and bismuth.

Introduction

Semiconducting materials play an important role in modern
technology due to their broad use in integrated circuits, chemical
sensors, photodetectors, and other technologies. Of particular
importance are the optoelectronic energy conversion applications of
semiconductors, such as solar cells, light-emitting diodes, and
phototelectrochemical devices. Thus the quest for new
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semiconducting materials, particularly Earth-abundant non-toxic
systems, is a major research thrust in the field of materials science.
Copper nitride (CuzN) is a non-toxic metastable semiconducting
material composed of Earth-abundant elements that has been
proposed for applications in metallization layers," tunnel
junctions,” and resistive random-access memory (RRAM).5
Stoichiometric, nitrogen-rich, and copper-rich Cu;N materials have
been previously reported.®® The published electrical conductivities
vary from ~30 S/cm ' to ~107 S/cm ' and the published optical
absorption onsets are in the range of 1.4 to 1.8 eV."'" There is
disagreement regarding the value of the electronic band gap in CusN,
some of which may be the result of inconsistent terminology,'? but
reported values range from 0.25 eV to 1.90 eV."" This range
nevertheless suggests that the binary Cu;N has a potential as a solar
absorber, and one of the goals of this work is to evaluate this
possibility. The related ternary copper nitride CuTaN,, which has the
same linear N-Cu-N structural motifs as Cu;N, has been recently
reported to be promising for solar energy conversion applications
because of its calculated band gap of 1.3 eV, measured absorption
onset at 1.5 eV, and large calculated absorption coefficient of 10°
cm! just 0.1 eV above the onset.'"* The N-Cu-N structural motifs in
both CuzN and CuTaN, lead to anti-bonding character of the
valence band maximum, which could result in tolerance of the
electrical properties of these copper nitride materials to structural
defects."

Most of the prior work on Cu;N has been in thin film
form with the samples produced by reactive sputtering. In the
reactive sputtering of CusN, nitrogen gas reacts with a copper
metal target forming on its surface a copper nitride compound
layer. Argon and nitrogen ions are created in plasma and
accelerated by electric field towards the Cu target, sputtering off
the CuzN compound layer. The sputtered Cu and N species,
partially reacting in the gas phase, are collected on a glass
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substrate where the CuzN compound re-forms. Since CuzN is
thermodynamically metastable with respect to decomposition into
copper and nitrogen (+0.2 eV/at),'® an important variable in the
growth of Cu;N is the activity of nitrogen at the film surface. For
a given partial pressure of nitrogen, nitrogen activity is expected
to decrease with increasing target-substrate distance due to gas-
phase recombination of sputtered N species, and to decrease with
increasing substrate temperature due to N, emission from the
growing film. While the temperature'®'""'*!" and pressure®™!"!"-
¥ variables of CusN growth have been investigated, the target-
substrate distance effect on nitrogen activity has not been studied
so far. In this work we study the effect of nitrogen activity on the
synthesis, structure and properties of copper nitride by
simultaneous control of the target-substrate distance and substrate
temperature.

An efficient way to establish fundamental synthesis-
structure-property relationships in materials is the thin film
combinatorial approach.”® Our current implementation®' of this high-
throughput experimental strategy relies on (a) establishing gradients
in growth parameters across the substrate during synthesis, (b)
measuring the properties of the resulting combinatorial libraries as a
function of position, and (c) analysing the resulting large amounts of
data in a semi-automated way. Current combinatorial literature
contains many examples of cation composition gradients,””>® and a
few examples of substrate temperature gradients,”’ ' however, anion
activity so far has not been studied via a high-throughput method.
The present work fills this gap by growing copper nitride thin films
with orthogonal gradients of temperature (7) and target-substrate
distance (drs), such that each point on the substrate experiences a
unique combination of T and dyg growth conditions. In this
experiment, equivalent nitrogen activity is achievable by different
combinations of T and drg, enabling direct mapping of the constant
nitrogen activity contours as a function of these two variables.

Experimental

The copper nitride thin film sample libraries were deposited on glass
substrates by radio-frequency (RF) reactive sputtering of copper in
10 mTorr of nitrogen supplied through an RF atom source, balanced
by 10 mTorr of argon supplied through a mass flow controller. The
substrate was mounted at 45° relative to the sputter gun, resulting in
a drg gradient of 13 to 15 cm. Only one side of the substrate was in
thermal contact with a heater resulting in a Ty gradient of 140 -
280°C perpendicular to the drg gradient. Each sample library was
characterized at 88 points for phase purity using X-ray diffraction
(XRD), for absorption properties using optical spectroscopy and for
conductivity using sheet resistance measured by four-point probe
combined with thickness measured by X-ray fluorescence (XRF).
The morphology of selected sample areas was imaged with scanning
electron microscopy (SEM). More details about the experimental
methods can be found in the supplementary information as well as
our prior publications.”?

Results and discussion

As shown in Figure 1, phase pure O0L oriented Cu;N thin films were
produced at low substrate temperatures and short target-substrate
distances. Higher synthesis temperatures and longer target-substrate
distances resulted in randomly oriented Cu;N films, possibly seeded
by nanoscale copper inclusions that are not detectable by XRD. The
transition between the O0OL oriented and the polycrystalline regions
occurred between T = 200°C at dyg = 13 cm and T~ 140°C at dyg =
15 cm. Crystalline copper inclusions and subsequently pure copper
films were observed in the XRD at the highest temperatures and the
longest target-substrate distances. Note that the co-existence of Cu
and Cu;N indicates non-equilibrium synthesis according to the
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Gibbs phase rule. The production of both Cu'* and Cu® species in
this experiment demonstrates that the anion activity was modulated
by the simultaneous control of the substrate temperature and the
target-substrate distance. This strategy may be also applicable to
other material systems, as shown later in the paper for tin, antimony
and bismuth.
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Fig. 1 Copper nitride growth map as a function of substrate temperature and
target-substrate distance. The dashed line separates growth conditions
which produced phase pure CusN from those which produced Cu;N & Cu.
Along this line A= +0.8 eV/N. The dotted line separates growth conditions
which produced CusN & Cu from those which produced Cu. The colour scale
is the degree of crystallographic orientation and is the sum of the areas of
the 001 and 002 peaks divided by the areas of the four measured CusN
peaks, with the value of 0.3 corresponding to a randomly oriented film.

There are two likely mechanisms that can explain the
measured synthesis phase map of the metastable copper nitride (Fig.
1). The first mechanism, which is thermodynamic in nature, is that a
sufficiently high concentration of reactive nitrogen species is present
at the surface of the growing copper nitride film at low target-
substrate distances (due to decreased opportunity for 2N/N, gas
phase neutralization) and low substrate temperatures (due to less
likely reemission of N, from the growing film). The second
mechanism, kinetic in origin, is that the high arrival rates of copper
and nitrogen atoms suppress the reemission of N, by adding more
material before molecular nitrogen can form. In order to test these
two hypotheses, we compared the films grown with (i) the nitrogen
atom source on (250 W) and off (0 W) and thus resulting in different
concentrations of reactive nitrogen species, and (ii) with different
power applied to Cu target (15 W, 20 W and 25 W) and thus
resulting in different rates of arriving copper and nitrogen atoms. As
shown in supplementary Figure S1, the first experiment led to
dramatic decrease in the size of the phase pure region while the
second experiment did not significantly change the results when
compared to Fig. 1. The results of these two experiments indicate
that in the studied range of conditions the concentration of reactive
nitrogen species rather than the rate of arrival of copper and nitrogen
atoms controls the growth chemistry of copper nitride. Thus,
sparingly, the driving force behind the synthesis of phase-pure
metastable Cu;N can be viewed as thermodynamic rather than
kinetic in its origin.

As show in Figure 2, conductivities of the OOL oriented
thin films deposited at <160°C were consistently in the range of
5x10* S/cm to 2x107 S/cm. The conductivity numbers and XRD
patterns of these CuzN samples did not change after 1+ years of
sample storage at ambient conditions, suggesting that the films are
shelf-stable. By increasing the substrate temperature to 170 - 220°C,
the conductivity rose by a factor of 10 - 1000, and for some of these
samples copper inclusions were observed in the XRD (Fig. 2 right
axis). Such inclusions or similar copper richness are possible reasons
for large variations of copper nitride conductivity reported in the
literature.”* Thin films deposited at 270 - 280°C substrate
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temperature had 10° S/cm  conductivity ~consistent  with

predominantly metallic copper clearly observed by XRD.
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Fig. 2 Electrical properties and phase purity of copper nitride thin films. The
right axis is the area of CusN XRD peaks divided by the areas of CusN and Cu
XRD peaks. Thus a value of unity corresponds to phase pure CusN. The
spread of data for fixed Ts results from the differences in drs = 13.0, 13.7,
14.3 and 15.0 cm.

As demonstrated in Figure 3, for the phase pure OOL
oriented Cu3N thin films grown at a substrate temperature of 160°C
and at short (13.0 - 13.5 cm) target-substrate distances, the optical
absorption onset ranged from 1.4 to 1.6 eV and the onset was
steepest (lower portion of Fig. 3a and Fig. 3b). In contrast,
significant sub-gap absorption was observed in the polycrystalline
samples grown at longer target-substrate distances with a decrease in
the steepness of the onset (dashed line in Fig. 3a and Fig. 3b).
Finally, small copper inclusions are observed in XRD at the longest
target-substrate distances. At dps = 15 cm, the sub-gap absorption
increases significantly, presumably due to increased concentration of
these metallic inclusions (upper trace in Fig. 3a and 3b). We note
that Fig. 3a is very similar to the results obtained by Pierson when
the flow rate and partial pressure of nitrogen was modulated:® the
present target-substrate distance gradient appears to mimic changes
in partial pressure of nitrogen.
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Fig. 3 Structural and optical properties of CusN thin films: (a) XRD patterns
and (b) optical absorption spectra at different target-substrate distances
(drs) and a constant substrate temperature of 160°C. An alternative form of
this figure is available in the supplementary information Figure S2.

Synthesis of O0L oriented copper nitride thin films with
low conductivity and no sub-gap absorption satisfies the minimal

This journal is © The Royal Society of Chemistry 2012
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requirements for this material to be studied in the future as a solar
absorber. However, optical absorption and electrical conductivity are
not the only important parameters for this and other semiconductor
applications. For example in photovoltaics, the minority carrier
lifetime, which is determined by defect density (reflected by the
measured sub-gap absorption), as well as the concentration and
mobility of the majority charge carriers (on which the measured
electrical conductivity depends), are crucial parameters for device
performance and would need to be studied. We also note that the
measured absorption onset (which defines the short circuit current
limit of a solar cell) does not necessarily correspond to the band gap
(which sets the limit of the open-circuit voltage of a photovoltaic
device), particularly for semiconductors that have an electronic
structure with indirect or forbidden character of the band gap.
Finally, the long-term operational performance of a metastable
semiconductor like Cu;N would be necessary to consider. Future
work will focus in more detail on the stability, transport, optical, and
electronic structure properties of copper nitride with the goal to
assess more rigorously its potential as a solar energy conversion
material.

It is interesting to note that not only the phase purity and
preferential orientation, but also the grain size of the copper nitride
thin films depend on both substrate temperature and target-substrate
distance. From the microscopy measurements shown in Figure 4,
films with small grains (30 to 50 nm) were observed in the OOL
oriented regions at the lowest temperature and shortest target-
substrate distance (Fig. 4a). Polycrystalline Cu;N films with grains
of 50-100 nm (Fig. 4c) were grown at higher temperatures and
longer target-substrate distances. A narrow band of 200 nm
crystallites (Fig. 4c), visible to the eye as a dark stripe across the
sample (Fig. 4 top left), was observed near the transition from
textured to polycrystalline film. These 200 nm grains decreased in
concentration with increasing distance from the transition region
(Fig. 4 centre). The largest grains were 300 nm in size and were
grown at a temperature of 230°C, where copper inclusions were
observed by XRD. Above this temperature the copper nitride
decomposed, and the remaining copper was composed of complex,
voided crystallites 100 to 200 nm in size. Cross-sections of the thin
film regions with the OOL-textured (Fig. 4a) and polycrystalline (Fig.
4c) phase pure Cu;N revealed columnar structures while larger
grains were observed in the transition region between these two
limiting cases (Fig. 4b). While the mechanistic details of growth are
not known, we propose that changes in anion activity leading to
changes in energy, charge and composition of the grain surfaces are
likely responsible for the observed variations in morphology.
Specifically, we hypothesize that nitrogen-rich grain surfaces repel
each other leading to small OOL oriented grains (Fig. 4a), copper-rich
grain surfaces coalesce but seed small polycrystalline grains (Fig.
4c), and stoichiometric grain surfaces coalesce forming the largest
grains in the narrow region between these cases (Fig. 4b). The
elemental composition of the grains at the microstructure level is
currently unknown. It is interesting that small changes in target-
substrate distance and temperature have such dramatic affects on
film morphology, and further tuning of these parameters could lead
to intentional control of film roughness.

J. Name., 2012, 00, 1-3 | 3
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| Copper nitride morphology |

distance
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Fig. 4 Morphological properties of the CusN thin films. Top left: Photograph
of a combinatorial thin film sample with the cross denoting the locations of
SEM surface images (centre) and letters indicating locations of cross-
sections. Centre: SEM surface images of copper nitride thin films taken 1
mm apart along the cross shown in the photograph. The cross-sectional
images of the film are shown for the (a) OOL textured, (b) transition, and (c)
polycrystalline regions of the film.

The ability to synthesize phase pure Cu;N thin films with
OOL orientation (Fig. 1), semiconducting properties (Fig. 2 and Fig.
3) and reasonable morphology (Fig. 4), despite the
thermodynamically metastable character of this material may be
attributed to the high energy of copper and nitrogen precursors used
in the non-equilibrium sputtering process. In thermodynamic
equilibrium, CusN is unstable (AH o3y = +0.2 eV/atom) with
respect to decomposition into metallic copper solid and molecular
nitrogen gas standard reference states:'®

3 Cu (metallic) + ¥2 N, = Cu;N (+0.2 eV/atom) (1)

In contrast, CusN is stable (AHATCMN = -3.6 eV/atom) with
respect to decomposition into the copper atoms (+3.5 eV/at with
respect to copper solid) and nitrogen atoms (+4.9 eV/atom with
respect to molecular nitrogen®®) that are used as precursors in the
non-equilibrium sputtering process:**

3 Cu (atoms) + N = Cu3N (-3.6 eV/atom) 2)

This difference can be visualized by the energy vs.
composition diagram of the copper-nitrogen system shown in Figure
5. It is notable that the Cu-N ground state line forms a ‘“convex
hull”® with Cu;N at the bottom when referenced to copper atoms
and nitrogen atoms, in contrast to the case of Cu solid and N, gas.
This illustrates why it is possible to make metastable CuzN from
sputtered copper atoms and nitrogen atoms despite the positive
formation enthalpy of this material with respect to the standard
states.

4| J. Name., 2012, 00, 1-3
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Fig. 5 Convex hull diagram for Cu-N system with respect to atomic copper
and atomic nitrogen (blue lines) as well as molecular nitrogen and solid
copper standard reference states (red lines).

It is possible to use the AHATCMN =-3.6 eV/atom formation
enthalpy of Cu;N obtained from the quasi-equilibrium analysis (Eq.
1 and Eq. 2) and visualized in Fig. 5 to quantify the effective partial
pressure of nitrogen atoms as well as the nitrogen chemical potential
as a function of target-substrate distance during the Cu;N growth.
The enthalpy of formation of CuzN is equal to the sum of the
chemical potentials of atomic copper (duc,) and atomic nitrogen
(duy) as described by:

AH sy = Apy + Apcy = -3.6 eViatom 3)

In quasi-equilibrium with copper atoms (indicated by the
dashed line in Fig. 1) 4uc, = 0 eV/atom and thus from Eq. 3 the
chemical potential of nitrogen is duy = -3.6 eV/atom. This duy can
be written using as:>®

Aun(T,P) = 41°MT,P°) + kgT*In(P/P°) Q)

where T is the temperature, P is the pressure, P° is the
reference pressure, kp is the Boltzman constant and Auy°(7,P°) is the
temperature-dependent standard free energy calculated using the
Shomate equation and coefficients from the NIST-JANAF
thermochemical tables.”’

To determine the range of atomic nitrogen partial
pressures, one can solve equations (3) and (4) knowing from Fig. 1
the temperatures at which CuzN is in equilibrium with Cu. We find
that the pressure varies between 10™' Torr and 10® Torr as the
target-substrate distance changes from 13 cm to 15 cm and the
equilibrium temperature varies from 150 to 200°C. Such remarkably
small partial pressures of atomic nitrogen required to synthesize
copper nitride is the result of large cohesive energy of copper solid
and nitrogen molecules (Fig. 5). We note that our effective partial
pressure of atomic nitrogen corresponds to the net chemical potential
of all nitrogen species present in the disc;hal‘ge:.38'39 To assess the
highest achievable effective chemical potential of nitrogen for this
synthetic technique, we substitute the highest pressure value
calculated above (10 Torr) and a reasonable expected temperature
for a substrate without active heating or cooling (100°C) back into
Eq. 4, producing a value of -2.8 eV/N. This is 2.8 eV/N below the
atomic Cu to atomic N tie line, and 1 eV/N above the solid Cu to
molecular N, tie line (Fig. 5). This indicates that metastable binary
nitrides that require nitrogen chemical potential of up to +1 eV/atom
could potentially be synthesized using reactive sputtering with an
atomic nitrogen source. While this limit is likely to be specific for
the deposition instrument used in this experiment, the chemical
potential limit of any other instrument may be evaluated by finding
the maximum temperature at which a known metastable material can
be synthesized phase-pure and then following the analysis presented
above.

The quasi-thermodynamic analysis presented above
provides some insight into the range of the chemical potentials that
are achievable by non-equilibrium growth techniques. This insight is

This journal is © The Royal Society of Chemistry 2012
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important for the computational design of new materials, which has
recently attracted significant attention*™*' and has resulted in a few
experimental discoveries of previously unreported compounds.****
However, a large fraction of materials that are currently being
synthesized are thermodynamically unstable.** Also, it has been
recently noted® that a large number of theoretically predicted useful
ternary materials are unstable with respect to competing phases.
Referencing these hypothetical non-equilibrium materials to their
atomic components, as illustrated in Fig. 5, can be used to evaluate
which of them have any chance of being synthetically achievable.
Specifically, as illustrated above for the binary metal nitrides it can
be expected that metastable materials that require up to +1 eV/atom
nitrogen chemical potential should be synthesizable. However, it is
important to emphasize that such analysis would provide a necessary
but not sufficient metric of synthesizability, because a sufficiently
high kinetic barrier to decomposition must also exist to stabilize the
non-equilibrium phase. This is likely to be especially important in
the case of ternary or more chemically complex compounds where
disproportionation into constituent binaries is at least as important as
decomposition into elemental phases.

As a first step towards demonstrating the generalizability
and predictability of the quasi-thermodynamic analysis for other
nitride systems, we selected three metal nitrides (tin nitride,
antimony nitride and bismuth nitride) and attempted their synthesis.
Tin nitride, Sn;N,, can be used to show the generalizability of our
quasi-thermodynamic model. Using the fitted elemental reference
energies approach (FERE)*® Sn;N, has an formation enthalpy of
+1.56 eV/formula unit, or about +0.4 eV/N with respect to
decomposition into Sn metal and N, gas. Using an analysis similar to
Fig 5. (cohesive energy of tin = 3.1 eV/atom) we obtain a required
atomic nitrogen chemical potential of -3.7 eV/N for synthesis of this
material. At our maximum calculated partial pressure of atomic
nitrogen (10”® Torr) and using Eq. 4 we estimate that Sn;N, should
be synthesizable up to 220°C. This is, as expected, higher than the
maximum temperature for the less-stable Cu;N, and should be a
good test for the generality of the quasi-thermodynamic chemical
potential model. The formation energies and the crystal structures of
the two other nitrides, antimony nitride and bismuth nitride, have not
been reported in literature, so the maximum temperature of their
synthesis is a prediction of their stability relative to Cu;N. The
results of investigations of Sn-N, Sb-N and Bi-N are compared to
Cu-N in Table 1 and in Figure S3 of the supplementary information.

Table 1: Chemical formula, crystal structure, heat of formation of
metastable nitrides and the lowest temperature at which crystalline
metallic species were observed in XRD at drg=13 cm.

Formula Structure AH¢ (eV/N) Toet (°C)
Sn;Ny spinel 0.4 450
Cu;N anti-ReO; 0.8 200
Sb,N, unknown unknown 350
Bi,N, unknown unknown ambient

The synthetic results indicate that tin nitride does not start
decomposing into Sn and N, until higher temperatures than Cu;N,
qualitatively supporting the quasi-thermodynamic analysis. However
the metallic Sn did not precipitate out of SnzN, until 450°C, which is
above the 220°C estimated from the quasi-thermodynamic model.
We attribute this difference to the multivalent character of tin (which
can be not only in IV+ but also in II+ valence state), since other
nitrogen-deficient tin nitride phases were observed at intermediate
temperatures. More information about the structure and physical
properties of these tin nitrides will be published in the future.
Overall, the results for Sn-N are qualitatively consistent with the

This journal is © The Royal Society of Chemistry 2012
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quasi-thermodynamic model suggesting its generalizability, but
more quantitative work on this topic is needed.

Antimony nitride was observed as an amorphous
semiconducting film up to 350°C, and metallic bismuth was the only
crystalline phase obtained at ambient substrate temperature. These
results indicate that the thermodynamic stability of Sb-N is
comparable to that of Sn-N, and that the stability of Bi-N is lower
than that of Cu;N. These qualitative predictions require further
quantification and call for further experimental and theoretical
verification, but they are consistent with the scarce literature on Sb-
N and Bi-N materials. For antimony nitride, amorphous
semiconducting Sb-N thin films*’ and material with an Sb:N = 3:1
composition*® have been reported, suggesting it may have stability
similar to Sn-N. In contrast, early reports on bismuth nitride suggest
that it is quite reactivive,*" and thus likely less thermodynamically
stable than Cu;N. More detailed results of the synthesis and stability
of Sb-N and Bi-N will be the subject of future publications.

Overall, the results of the Sn-N studies compared to Cu;N
indicate that the quasi-thermodynamic analysis may be extendable to
other metastable nitride materials, and a first attempt of prediction
based on such extension is made for the Sb-N and Bi-N materials,
but clearly further research in this area is needed. Once the atomic
chemical potential model is fully established, it can be used for
predictions of the thermochemistry related quantities that depend on
chemical potential (such as defect formation energies and charge
carrier concentrations) for both metastable and stable nitrides. If
successful, such approach may also be generalizable to other anions
such as O, F, or S in the future.

Conclusions

In summary, we report the synthesis and semiconducting properties
of metastable copper nitride thin films prepared using reactive
sputtering. Phase pure Cu;N thin films were synthesized in the
presence of a nitrogen atom source using a high-throughput
combinatorial approach with orthogonal gradients of target-substrate
distance and substrate temperature, both affecting the nitrogen
activity. In turn, the nitrogen activity influences both the phase
purity and the morphology of the resulting Cu;N thin films. This
high-throughput synthesis technique is a valuable contribution to
combinatorial materials science, which up to date has focused
primarily on cation gradients. The phase pure OOL oriented Cu;N
thin films have conductivities of 10~ S/cm and a 1.4 — 1.6 eV optical
absorption onset. These results indicate that Cu;N may be a
promising candidate for solar cell absorber applications, calling for
more detailed studies on this topic. Additionally, we report the quasi-
thermodynamic chemical potential model for the synthesis of Cu;N,
which explains the sputtering growth of this metastable material by
referencing it to its atomic (Cu and N) rather than standard (Cu solid
and N, gas) reference states. Using this model, we estimate that at
least +1 eV/atom effective nitrogen chemical potential is achievable
in the process of reactive sputtering with a nitrogen atom source.
This result, and the underlying quasi-thermodynamic model, may be
generalizable to theoretical prediction and experimental synthesis of
other metastable materials as exemplified for the nitrides of
antimony, tin, and bismuth.
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