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Co-Zn-Ni-O thin films were grown on glass at ambient temperature (Ts < 65 °C) by co-sputtering from
C0304, ZnO, and NiO targets to determine the structural and opto-electronic properties across the ternary
composition space. Compositional domains with spinel, wurtzite, rock-salt, and mixed phases were
observed, albeit with very weak X-ray diffraction peaks, overall suggesting the likely presence of a co-
existent amorphous component. The electrical conductivity had a maximum value of ~35S/cm that
occurs where the optical absorption is also the strongest. The work functions range from 5.0 to 5.8 eV for
all samples, but with no clear composition-based trends. Overall, it appears that the optoelectronic
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1. Introduction

The crystalline mixed-cation spinels M2Zn0O4 (M = Ir, Rh, Co) are
known p-type oxide semiconductors with a normal spinel structure
and optical band gaps ranging from 2 to 3 eV [1,2]. The realization in
2003 of an all-oxide p-n diode using p-type amorphous ZnO-Rh,03
[3] demonstrated that this general class of materials could be used
in opto-electronic device applications and that the materials need
not be crystalline to be technologically relevant. Subsequent device
application work has focused primarily on the related, and much
less expensive, Co-based materials C0,Zn0O4 (a normal spinel) and
CoyNiO4 (an inverse spinel). Specifically, ambient-temperature-
deposited and usually amorphous Co-Zn-O and Co-Ni-O have
been used as p-type materials in diodes [4] and transistors [5,6],
and, due to their high work function (~5—6 eV [7]), as hole trans-
port layers (HTLs) for organic photovoltaics [7,8] and dye-sensitized
solar cells [9]. In addition, crystalline Co,Zn04[10] and Co;NiOg4 [11]
have been used as catalytic electrodes for the oxygen evolution
reaction in photo-electrochemical splitting of water.
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The application work has generally used ambient-temperature-
deposited materials; however, the material science work, to date,
has largely focused on crystalline materials grown at elevated
temperatures (200°—600 °C). Beginning from the parent material
Co304, phase-pure and highly crystalline spinel Co3.xZnxO4 is easily
grown by sputtering or pulsed laser deposition for all compositions
between Co304 (x =0) and C0,Zn04 (x=1) [7,12]. Due to the non-
equilibrium nature of these physical vapor deposition (PVD)
methods, additional Zn beyond x=1 can be incorporated up to
x = 1.6 for films grown at Ts =300 °C [7]. At higher temperatures,
less additional Zn can be incorporated. For any given deposition
temperature, the electrical conductivity of Co3.4xZnyO4 generally
increases with increasing Zn incorporation up to the limit of ZnO
phase separation [7,13] because the substitution of Zn onto an
octahedral Co site is an acceptor dopant in this material [13,14].

Similarly, for Co3.xNixOg4, equilibrium materials growth methods
find that Ni can be incorporated up to CoaNiO4 (x = 1) [15], whereas
using non-equilibrium thin-film growth methods, additional Ni can
be incorporated without NiO precipitation up to about Coq5Ni1504
(x=1.5) [7,15—17]. Also, like Co-Zn-0O, for Co-Ni-O, the electrical
conductivity increases with increasing Ni with a maximum con-
ductivity o = 200 S/cm for as-grown sputtered films deposited at
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Ts =300°C [7] and o = 375S/cm for ambient-temperature-
sputtered films that were subsequently annealed in air at 375 °C
[17,18]. Further, for Co3.4xNixO4, the conductivity depends strongly
on the oxygen partial pressure during film growth [8,17].

The more general Co-Zn-Ni-O pseudo-ternary composition
space has been explored using sputtering-based, high-throughput,
composition-gradient combinatorial methods, albeit at a fixed
Ts=350°C and fixed pO,=10mT [19]. Focusing on the
composition-dependent trends in this ternary cation system, the
highest conductivity, ¢ = 100 S/cm, occurs in an area centered at
Co,NiOy4, but the best combination of high conductivity and low
optical absorption occurs closer to Coq7NiggZngs04 [19], a
composition that would be difficult to guess from the prior pseudo-
binary Co-Zn-0 and Co-Ni-O studies. However, no similar materials
information is currently available for pseudo-ternary Co-Zn-Ni-O
films deposited at ambient temperature, which, as discussed above,
are more commonly used for applications [4—8].

To address this lack of more application-relevant materials data,
Co-Zn-Ni-O thin films were deposited onto ambient-temperature
glass substrates by RF sputtering with pO, = 10 mT. Three sputter
sources (ZnO, NiO, and Co304) were used in an off-axis co-sput-
tering configuration to create combinatorial libraries with inten-
tional compositional gradients. The crystal structure, conductivity,
transparency, and work function were measured as a function of
the measured composition across the majority of the pseudo-
ternary composition space. For the ambient-temperature-
deposited Co-Zn-Ni-O films, the conductivity ranged from 0.004
to 35S/cm and the optical absorption coefficient (o) at hw = 1.8 eV
(A =700 nm) ranged from 1 x 10% to 2 x 10° cm~. Additionally, for
all compositions, the Kelvin-probe-measured work function (¢) lay
between 5.0 and 5.8 eV, but there were no clear trends with
composition. The maximum conductivity and maximum optical
absorption both occur in a narrow composition region on the
Co304—NiO tie line between Co,NiO4 and NiO, where the films are
the least crystalline. All of the data for this study, including depo-
sition details, is available through the NREL High Throughput
Experimental Materials Database (HTEM DB, https://htem.nrel.gov
see Supplemental Information for details) [22] with the exception
of the two grazing incidence x-ray diffraction (XRD) measurements.

Overall, the optical absorption and work function for these
ambient-temperature-deposited Co-Zn-Ni-O films are similar to
those for films grown at 350°C [19]. However, the maximum
conductivity decreases by a factor of three from o= 110S/cm for
Ts=350°C to 6 =35S/cm for the films grown at ambient tem-
perature, with all other parameters the same [19]. We note that this
decrease in conductivity is much smaller than the factor of 10°
observed for p-type delafossite (CuAlO, family) thin films [20,21].
This relative deposition-temperature insensitivity of the electrical
conductivity in Co-Zn-Ni-O materials may be because the low-
energy cation anti-site defects in Co,Zn0O4 and similar spinels are
not detrimental, but rather, are actually net acceptor doping defects
[13,14]. Accordingly, we find that ambient-temperature-deposited
Co-Zn-Ni-O thin-film materials have promising opto-electronic
properties for device applications provided that high trans-
parency is not need or that very thin layers can be used, such as for
HTLs.

2. Experimental methods

The Co-Zn-Ni-O films were grown by co-sputtering in a 1:1
O,:Ar mixture at 20 mTorr total pressure using RF power. A base
pressure of 2.1 x 10~®Torr or lower was achieved before all de-
positions. All depositions were conducted at ambient temperatures
and the measured substrate temperature, which increased due to
plasma heating, did not exceed 65 °C. All films were deposited onto

2" x 2" Corning Eagle 2000 glass substrates that were ultrasoni-
cally cleaned sequentially in acetone and IPA for 15 min followed by
a 5-min O; plasma reactive-ion etch prior to film deposition. Three
2"-diameter sputter magnetrons (Angstrom Sciences) were posi-
tioned off center and oriented at an angle to the substrate to yield
intentional two-dimensional composition gradients across each
2" 2" sample library. The deposition details for the 17 libraries used
in this work are provided in Table S1 of the Supplemental Infor-
mation. All material property measurements (except for Kelvin
probe measurements) were taken on the same 44-point grid so that
the measurements could be compared directly.

The film composition was measured with a Matrix Metrologies
MaXXi 5 PIN x-ray fluorescence (XRF) system with a tungsten
anode, 800-um collimator, and 300—450-s measurement times.
The obtained spectra were analyzed with MTF-FP software to yield
cation ratios and film thickness. The XRF-based thickness mea-
surements were calibrated by direct profilometer (Dektak 8) mea-
surements of a reference Zn-Ni-Co-O sample grown at the same
conditions. The XRD mapping measurements were performed with
a Bruker AXS D8 Discover 8- axis system with a Cu K, source and a
two-dimensional detector using integration times of 300—450 s.
The grazing incidence XRD measurements were performed with a
Rigaku DMAX diffractometer with a Cu K, source and a point
detector.

The optical transmission and reflection spectra were measured
from 300 to 1000 nm with an Ocean Optics CCD array spectrometer
coupled to a home-built fiber-optic-based mapping system with a
combined deuterium plasma and tungsten-filament light source.
The optical absorption coefficient was calculated from the
measured transmittance (T), reflectance (R), and film thickness (d)
using:

e —;m(%) (1)

The sheet resistance (Rs) was measured with a standard co-
linear four-point-probe technique using a current of 1pA. The
work-function measurements were made using a scanning Kelvin
probe (KP Technologies SKP 450) on a 440-point grid and then
spatially averaged to match the 44-point grid used for all other
measurements. The samples were kept in air for up to three weeks
before the Kelvin probe measurements.

3. Results
3.1. Crystal structure

The representative XRD patterns in Fig. 1(a) show the main
phases and some of the mixed phases that were measured across
the Co-Zn-Ni-O materials. Representative measured patterns—-
which include wurtzite (WZ), rock-salt (RS), spinel (SP), and mixed
RS + SP —are shown using different colors. Note that measured
patterns are normalized by film thickness and integration time to
allow a fair comparison of their respective intensities. Fig. 1(b)
shows reference patterns for spinel, rock-salt, and wurtzite crystal
structures from the simulated ICDD powder diffraction patterns of
Co304, NiO, and ZnO. In one composition region, the background
subtracted patterns analyzed here showed no observable crystal-
line scattering. A representative pattern for this region is shown
here in black and labelled ‘No detected phase’. The specific
composition locations for the five representative XRD patterns are
shown in the inset as well as by square markers in Fig. 2.

Notably, the intensity of the XRD peaks for these ambient-
temperature-deposited films is much lower than that measured
in Ref. [19] for compositionally comparable films grown at
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Fig. 1. (a) Representative measured XRD patterns from the different detectable phases
observed. (b) Calculated reference spectra for the different structures from the ICDD
database. Cos04 (PDF card 00-042-1467), NiO (PDF card 00-044-1159), and ZnO (PDF
card 00-036-1451).
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Fig. 2. Regions of different detected phases found in the Co-Zn-Ni-O material system.
Overlaid square symbols squares denote the points for the representative XRD patterns
displayed in Fig. 1. The solid black line is the phase boundary between the spinel and
mixed rock-salt/spinel region for films deposited at 350 °C [19]. The known crystalline
phases are labelled: (SP) = Spinel, (WZ) = Wurtzite, and (RS) = Rock-salt.

Ts=350°C. The peaks are also relatively broad, indicating small
grain sizes, crystalline disorder, or nonuniform strain for the crys-
tallites in the films. Overall, the distinct lack of strong XRD peaks
suggests that the observed crystalline phases are likely mixed with

a substantial amorphous or nano-crystalline component. We note
that the automated background subtraction process used for these
high-throughput mapping measurements to remove the scattering
from the amorphous glass substrate will also remove any amor-
phous scattering arising from the film. Hence, we cannot quantify
an amorphous component. Representative as-measured and back-
ground subtracted spectra are shown in Fig. S1 of the Supplemental
Information.

The composition regions for the different structures are shown
in Fig. 2. Samples that did not have detectable peaks using our
laboratory-scale XRD instrument are indicated as ‘None’. We
emphasize that Fig. 2 is not a phase diagram, but rather, only a map
of observed detectable phases. As discussed above, given the weak
scattering and broad peaks, it is likely the films are mixed phase
with an amorphous or nano-crystalline component present in
addition to the observed phase for most, if not all, compositions.

Near the vertices of Fig. 2, the samples show the expected
crystalline structure. A large area of the composition space
extending away from the Co304 corner has a spinel structure
(yellow markers). In the center of the ternary phase space, the
separation of spinel and rock-salt-type crystal structures occurs for
Co percentages smaller than 40%—55%, as shown in Fig. 2. Mixed
rock-salt and spinel structures are present below these Co cation
percentages (orange markers). Along the Co304—ZnO tie line, the
observed structure goes with increasing Zn content from spinel to
rock-salt to wurtzite with mixed-phase regions in between. The
rock-salt phase is observed on the ZnO—Co304 tie line for Zn per-
centages from 61% to 66%.

Along the Co304—NiO tie line, a no-phases-observed region (no
detectable XRD peaks in high-throughput mapping measurements)
is observed for Co concentrations between 24% and 57%. Here, it is
likely that structural frustration between the spinel (Co;NiO4) and
rock-salt (NiO) phases leads to the formation of this poorly crys-
talline region for films grown at low (ambient) temperatures
[23,24]. This observed region extends only slightly (~6% Zn con-
centration) into the center of the phase diagram.

Of the representative XRD patterns shown in Fig. 1, those for the
spinel region (yellow) and the no-phases region (black) are the
hardest to assign a structure, given the very low signal level ob-
tained for the high-throughput mapping measurements with
which this data was collected. Accordingly, to better assess the
crystalline structure of these regions, we performed grazing inci-
dence (w =0.425°) x-ray diffraction measurements (GIXRD) for a
library representative of each of these regions. The measured pat-
terns shown in Fig. 3 have clearly observable peaks corresponding
to the spinel structure. Due to the substantial spot size broadening
inherent to grazing incidence measurements, these two measure-
ments each cover many mapping sample spots shown in Fig. 2, and
hence are representative of a region rather than a single compo-
sition. Nevertheless, these GIXRD measurements both confirm the
observation of a spinel structure in the ‘spinel’ region of Fig. 2 and
demonstrate that the ‘no-phases-observed’ region is not really
amorphous.

3.2. Optoelectronic properties

The conductivity values (calculated from the sheet resistance
and thickness measurements) are shown in Fig. 4, plotted versus
the ternary composition space. The electrical conductivity generally
increases with decreasing Zn content. The lowest conductivities
(6 = 4.2 x 103 S/cm) are on the ZnO—Co304 binary tie line with
high Zn concentrations. The maximum conductivity (¢ = 35S/cm)
occurs on the Zn-free edge of the ternary composition diagram with
Co percentages between 30% and 50% along the Co304—NiO tie line.
We note that there is substantial spread in the measured
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Fig. 3. Measured grazing incidence x-ray diffraction (GIXRD) patterns for represen-
tative spots in the Spinel and No-phases-observed regions Fig. 2. Co304 spinel (blue)
and NiO rock salt (green) reference patterns are shown for comparison. The inset
shows the central composition of the measured spots.
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Fig. 4. Electrical conductivity (o) as a function of metal composition for ambient-
temperature depositions. (Inset) Conductivity as a function of composition for de-
positions at 350°C [19].

conductivity (color variation in Fig. 4) for compositionally similar
samples. Electrical conductivity is very sensitive to small changes in
defect concentrations and film morphology with the measured
variations in electrical conductivity likely occurring due to the
different synthesis conditions used for libraries with compositional
overlap. Accordingly, for any given compositional region, the higher
conductivity values can be taken as a representative upper bound
on the conductivity achievable at ambient temperature in our
deposition system.

Optical transmission spectra for four representative films are
shown in Fig. 5 with the cation composition for each plotted in
the inset. The Zn-rich film (ZnpggCo0g.120y) which is close to the
ZnO corner is ~80% transparent for A>700nm and shows a
semiconductor-like increase in absorption for shorter wavelengths.
In contrast, the other three spectra shown all have a low
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Fig. 5. Optical transmission vs. wavelength spectra for Co-Zn-Ni-O films with different
compositions. (Inset) Shows the location in compositional space of the four trans-
mission spectra.

transmission across the entire visible spectrum, with no clear onset
of absorption. This includes Spectrum 2, which indicates a ternary-
cation film with detectable spinel XRD peaks (see Figs. 1 and 2), as
well as Spectrum 3 for a no-phases-observed film from the highest-
conductivity region and Spectrum 4 that has a composition very
close to Co;NiOg4.

To provide a thickness-independent view of the optical
properties, Fig. 6 shows the absorption coefficient at A =700 nm
(hw = 1.8 eV). The minimum absorption coefficient,
a=5.7 x 10>cm™, occurs at Zng 8sC00.140y, which is close to the
ZnO vertex. The maximum value, o =2.0 x 10°cm~", occurs at
Co0.33Nig670y. Notably, the highest absorption occurs in the same
region that has the highest electrical conductivity (Fig. 4) and the
lowest crystallinity (Fig. 2). The absorption for other wavelengths in
the visible spectrum shows the same general trend—namely, that
the absorption coefficient decreases for compositions with higher
zinc percentages.

CoO ’
01.33 \

o (1 0’ cm_l)
2 100%

A =700nm
E =1.8eV

v

Q ) o°
ZnO = S Nio
~N
Fig. 6. Absorption coefficient (o) at A =700 nm vs. metal composition for ambient-

temperature depositions. (Inset) Absorption coefficient for depositions at 350 °C sub-
strate temperature [19]. The dashed line is the tie line between Co,Zn04 and CoNi,04.
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For all films, the work function (see Fig. S2 in Supplemental
Information) lies within the range of 5.0—5.8 eV. However, no clear
trends with composition, crystal structure, or conductivity were
observed. We note that the work-function measurements were
done in air using a Kelvin probe on samples with no special surface
treatment. Consequentially, the observed +0.4 V variance may arise
largely from spot-to-spot differences in the surface condition.

4. Discussion

Overall, the intensity of the XRD peaks measured for the
ambient-temperature-deposited Co-Zn-Ni-O were much weaker
than those measured for films grown at 350 °C [19], suggesting that
there is likely a substantial non-crystalline or weakly crystalline
component to these films. However, the composition region where
a spinel structure was observed was very similar for both the films
grown at ambient temperature and those grown at 350 °C. To make
this clear, the spinel region boundary for films grown at Ts = 350 °C
from Ref. [19] is shown with a solid black line in Fig. 2. Additionally,
for the ambient-temperature-deposited films, a least crystalline
region with no detectable XRD peaks in high-throughput mapping
measurements occurs along the Co304—NiO tie line between the
crystalline spinel Co;NiO4 and rock-salt NiO phases. As discussed
above, the GIXRD measurement (Fig. 3) of this region shows the
presence of at least some spinel component material, albeit with
very broad and weak GIXRD peaks.

For the ambient-temperature-deposited Co-Zn-Ni-O films
studied here, the maximum conductivity is 35S/cm, which is a
factor of three less than the 110 S/cm reported in Ref. [19] for films
grown in the same deposition system but at Ts=350°C. Addi-
tionally, the region of highest conductivity shifted along the
C0304—NiO binary tie line from Co;NiO4 (67% Co) for samples
grown at Ts = 350 °C to a region along the Co304—NiO tie line with
Co percentages from 30% to 50%. Higher conductivities of c =204 S/
cm at composition Co;NiO4 [19] and o =350 S/cm at composition
Co15Niy 504 [17] have been reported; but in both cases, the films
were annealed in air at temperatures of 375°C or higher after
deposition. In both these cases and others [16], a general region of
higher conductivity is observed along the Co3NiO4—NiO tie line for
compositions Ni-rich relative to Co;NiO4 up to the point where NiO
precipitation is observed. In this work on ambient-temperature-
deposited films, we also observe increasing conductivity with
increasing Ni content along the Co304—NiO tie line up to the point
where NiO is observed.

Interestingly, for the ambient-temperature-deposited Co-Zn-Ni-
O films studied here, the compositions with highest conductivity
are also those that are the least crystalline. At this time, the specific
hole-doping mechanism for these ambient-temperature-deposited
materials is not known. However, we note that for crystalline Co-
Ni-O, the electrical conductivity is known to depend strongly on
the oxygen partial pressure during growth [8,17]. This suggests that
the electrical conductivity of nano-crystalline or amorphous Co-Ni-
O may be controlled by oxygen stoichiometry—as it is in n-type
amorphous In-Zn-0, where the conductivity, which remains high
across the compositionally broad region and is relatively inde-
pendent of cation composition, but depends strongly on the oxygen
partial pressure during deposition [25]. Note that here we have
focused on the effects of cation composition using only one oxygen
partial pressure (pO2 =10 mT) during deposition.

For a p-type oxide semiconductor, the relatively high conduc-
tivity of the Co-Zn-Ni-O films when deposited at ambient tem-
perature is a substantial benefit for device applications [4,5,8,9,19].
This resilience of the conductivity at low deposition temperatures
for the Co-Zn-Ni-O material system strongly contrasts with that
observed for p-type delafossites typified by CuAlO; and CuCrO,:Mg.

CuAlO; has a low conductivity (6 = 10~ S/cm) when deposited by
RF sputtering at 500 °C, and only after annealing at 900 °C does the
conductivity increase to ¢ = 0.1 S/cm [20]. For CuCrO,:Mg films
grown by PLD, the conductivity of the films was maximized
(o = 3 S/cm) at a deposition temperature of 500 °C and dropped to
its lowest value (o = 0.002 S/cm) when the substrate was kept at
room temperature [21]. For reference, the highest conductivity
obtained for thin films of CuCrO,:Mg is ¢ = 220S/cm and was
obtained by RF sputtering at 600 °C [26]; but no data are provided
for the conductivity of CuCrO,:Mg films sputtered at ambient
temperature.

The absorption coefficients for the ambient-temperature-grown
Co-Zn-Ni-O are similar in magnitude to those reported for films
grown at Ts=350°C [19] with o =1x10° to 4 x 10°cm™!at
A=700nm. The high-temperature study was able to correlate
changes in the absorption coefficient based on composition of the
films. With a visible absorption coefficient in the 10° cm™! range,
these films are too absorbing to be used as conventional trans-
parent contacts. However, their p-type conduction allows their use
in diodes [4] and transistors [5] as well as for thin HTLs because
they also have a high work function (¢ =5.4+0.4V) [8,9,19].

For the crystalline Co-Zn-Ni-O films grown at 350 °C, there is an
abrupt, compositionally dependent, crossover from low absorption
to strong absorption in going from the low-Co to high-Co side of the
C02Zn04—CoNiy04 tie line (Fig. 6 inset), which is attributed to op-
tical transitions between the Co atoms in octahedral and tetrahe-
dral positions [19]. No such clear, compositionally dependent
changes in the absorption coefficient are observed for the ambient-
temperature-deposited Co-Zn-Ni-O films. Rather, there is a gradual
general increase in absorption coefficient with decreasing Zn con-
tent. Comparing the compositional trends for electrical conduc-
tivity (Fig. 4) and optical absorption coefficient (Fig. 6) across the
full ternary composition space, there is a remarkable similarity in
the overall color-scale variation, which indicates a general corre-
lation between increasing conductivity and increasing absorption,
as shown explicitly in Fig. S3 of the Supplemental Information.
Further, because the conductivity is displayed with a logarithmic
color scale and absorption is exponential in the absorption coeffi-
cient, there is likely to be a relatively direct correlation between
sheet conductance and optical absorption in these materials.

5. Conclusions

The broad compositional dependence of the optical, electrical,
and structural properties of Co-Zn-Ni-O films deposited by RF
sputtering on glass at ambient temperature was investigated using
high-throughput combinatorial experiments. Overall, compared to
similar films grown at 350 °C, the Co-Zn-Ni-O films deposited at
ambient temperature were found to: 1) be much less crystalline; 2)
have a lower conductivity, with maximum conductivity being ~35 S/
cm, a factor of 3 decrease; 3) have a similar-magnitude optical ab-
sorption coefficient; and 4) have a similar, and large, work function
(¢ =5.4+04V). Notably different for the ambient-temperature-
deposited films is a nearly-amorphous region observed along the
Co304—NiO tie line, which is also where the electrical conductivity is
highest and optical absorption strongest. Compared to other p-type
oxide semiconductors, the electrical conductivity of the Co-Zn-Ni-O
materials depends much less on substrate temperature, resulting in
ambient-temperature-deposited films with high enough conduc-
tivity to be technologically relevant.
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