Spray Pyrolysis growth of a high figure of merit, nano-crystalline, p-type
Transparent Conducting Material at low temperature.
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In this letter we demonstrate a low temperature (= 345°C) growth method for Cu deficient CuCrO5 performed
by spray pyrolysis using metal-organic precursors and a simple air blast nozzle. Smooth films were grown on
glass substrates with a highest conductivity of 12S/cm. The most conductive samples retain transparencies
above 55% resulting in a figure of merit as high as 350 pS, which is the best performing p-type transparent
conducting material grown by solution methods to date. Remarkably despite the nano-crystallinity of the
films, properties comparable with crystalline CuCrOs are observed. No postannealing of the films is required
in contrast to previous reports on crystalline material. The low processing temperature of this method means
the material can be deposited on flexible substrates. As this is a solution based technique it is more attractive
to industry as physical vapour deposition methods are slow and costly in comparison.

p-type transparent conducting materials (TCMs) are
sought after for optoelectronic devices. Currently com-
mercially available n-type TCMs, such as indium tin ox-
ide (ITO), possess conductivities as high as 1000S/cm
with transparencies greater than 80%.! Potential appli-
cations that require p-type materials with similar proper-
ties include transparent p-n junctions, which would allow
for fully-transparent displays.? Alternatively, they can be
used to minimize shunting as hole injection/extraction
layers in light-emitting diodes/solar cells.>* The main in-
terest in this field originated from the potential of the de-
lafossites with the A1TB3+ 0, lattice structure first high-
lighted in 1997 when CuAlO, was reported to exhibit p-
type conductivity while maintaining high transparency.®
Since then the field has extended to other materials such
as oxychalcogenides, spinels and a-Cry03.579
One of the delafossites, CuCrQOsg, has shown promise as
a p-type TCM due to reports of high conductivity when
doped with Mg.'® However this is typically only achieved
by physical vapour deposition (PVD) which is a relatively
slow and costly technique in comparison to other depos-
tion methods. CuCrO; has also been grown by chemical
vapour deposition (CVD) using the metal-organic Acety-
lacetonate (acac) precursors Cr(acac)s and Cu(acac)s at
550°C, resulting in polycrystalline films with conductiv-
ity of 0.86 S/cm (figure of merit (FOM) ~ 4511S).!! Spray
pyrolysis (SP) is an inexpensive technique that is suited
to depositing films over a large area. Mg-doped films
of CuCrO4 have been synthesized by SP using the same
acac precursors with the Mg(acac)s precursor for doping.
Only after postannealing at 700°C did they achieve con-
ductivities of 0.6-1S/cm.'%!? CuCrOs:Zn grown by sol-
gel processing show conductivities of around 0.47S/cm
after two postannealing steps.'* The high temperature
required by these methods is a major drawback for using
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the material in practical devices.

In this letter SP was used to grow thin (50-100nm) Cu
deficient CuCrOs films. We demonstrate that there is po-
tential to improve the conductivity of CuCrOs grown by
a single step method without the need for post-annealing
or extrinsic doping. Despite their nano-crystallinity the
films show high conductivities of 12S/cm without inten-
tional doping. The film growth is also at the favourable
lower temperature of ~ 345°C which means it is more
suitable for industrial growth processes. This is in con-
trast to earlier reports of the dependency of the con-
ductivity on higher growth temperatures (>500°C)!®,
and the requirement of crystallinity to retain p-type
properties.'® This also means that the Cu deficient nano-
crystalline material is compatible with flexible substrates
such as polyimides and flexible glass (typically <400°C
process temperatures). This is the best performing p-
type TCM grown by solution methods to date (exclud-
ing reports on single-crystal substrates'”), surpassing
the previous value of 151 1S.'® Most importantly it is
the facile synthesis, using inexpensive components, that
makes this method exceptional.

Cu(acac)y and Cr(acac)s precursors were dissolved in
100ml of methanol solvent (in contrast to the previous
choice of isopropanol*?13) and sprayed with an air blast
nozzle (PNR, model 0331) at a rate of 1.7ml/min us-
ing a mixture of compressed air and nitrogen with an
air pressure of 171/min onto heated glass microscope
slides. Further details of the growth system are given
elsewhere!?, although for this study the ceramic heater
has been replaced with a laboratory hot-plate to allow
deposition on larger areas. The Cr(acac)s concentration
was kept constant at 0.025 M while the Cu(acac)s concen-
tration was approximately 0.01 M. An optimum oxygen
concentration of 5% was observed for the best performing
films. Heater surface temperature readings during spray-
ing, were taken using a type K thermocouple (chromel vs
alumel) welded to the top of the hot plate. The temper-



FIG. 1. Scanning electron microscopy (SEM, Carl Zeiss Ultra)
showing the morphology of the films at a tilt angle of 11°. The
imaging was performed at 5kV.

ature was PID controlled during spray conditions within
+ 10°C.

Fig. 1 shows SEM images of the morphology of the films.
Films less than 90 nm are smooth enough (rms: 4-6 nm)
that the thickness can be determined from x-ray reflec-
tivity (XRR) measurements. Thicker films are too rough
(> 6nm) to display X-ray interference fringes. In this
case the thickness is determined from modelling UV-VIS
reflectance measurements. The total UV-VIS transmit-
tance and reflectance of the films were measured with a
Perkin Elmer 650S spectrophotometer equipped with an
integrating sphere. Electrical conductivity measurements
were performed using a linear four point probe geometry
with gold coated tips. Seebeck measurements, performed
as previously described?, confirmed the p-type nature of
the films. The system was calibrated using chromel wire
and an error of < 5% was observed.

CuCrO2 adopts the delafossite structure which consists
of linearly coordinated Cu atoms in an O-Cu-O dumb-
bell shape. These are stacked between edge-sharing oc-
tahedral layers (CrOg) along the c-axis.?? CuCrOs films
grown in this report adopt the rhombohedral crystal
cell with space group R3-mh. Fig. 2(a) shows an x-ray
diffraction (XRD) pattern performed by a Bruker D8 Ad-
vance diffractometer using a Cu Ko source with a double
bounce Ge monochromator. The broad glass background
has been subtracted from the data. The (012) and (110)
diffraction lines of CuCrOs can be seen as broad peaks.
The (101) diffraction line is of lower intensity and may
be masked by the broad (012) line. Mixed phases during
the synthesis of delafossites have been reported before
and alternative phases are shown in Fig. 2(a).?! However
in this case the presence of both diffraction lines are only
consistent with the CuCrQOs crystallographic phase. Us-
ing the MAUD software package and the CuCrO; cif file
(PDF number 01-089-6744) the a and ¢ lattice parame-
ters were calculated to be 2.984-0.05 A and 17.16+0.05 A
respectively, which is close to their crystalline values of
2.97 A and 17.1 A. The average coherent domain size how-
ever, was found to be less than 10 nm.

To complement the crystallographic information from
XRD, the vibrational modes were measured by Micro-
Raman spectroscopy in a Renishaw inVia system using
a 532nm solid state laser in backscattering geometry.
Fig. 2(b) shows the Raman signal for the material, which
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FIG. 2. (a) XRD pattern of the cu-deficient CuCrO; films,
with the XRD diffraction lines indexed for CuCrOz, a-Cra20s3
and CuCr204. (b) Raman spectra with the vibrational modes
of CuCrO2, a-Crz03 and CuCrz204 highlighted.

is more sensitive to the local bond arrangement, rather
than long range order. The Raman modes for crystalline
CuCrOs at 207, 454 cm ™' and 703 cm ™! are present, but
are very broad and shifted to lower wave numbers.?%23
The Raman modes for a-CrsO3 and CuCrs04%* are also
highlighted, but it is difficult to determine their contribu-
tion due to the broad nature of the spectra. This confirms
the poor crystallinity suggested by the XRD data. The
weaker, defect induced CuCrO; modes around 550 cm™*
are quite pronounced in our sample, illustrating a larger
number of Cr-O octahedra in the Cu deficient samples
compared to crystalline CuCrOs. A similar enhancement
of these defect modes has been previously reported for
stressed CuCrQ,:Mg.23:25

To assess the stoichiometry of the films, X-Ray Pho-
toemission Spectroscopy (XPS) measurements were per-
formed on an Omicron Multiprobe XPS system using Al
Ka x-rays (hv = 1486.7¢eV) with an EA125 U5 analyser.
All samples were chemically cleaned in acetone and iso-
propanol with an ultrasonic bath and sputter-cleaned us-
ing an Ar ion gun operated at 500 V for 10 minutes with a
sputter current of 2-3 pA (at low voltage to prevent oxy-
gen sputtering) to remove traces of unreacted precursors
on the surface.?® Fig.3 shows the XPS spectra of the Cr
2p and Cu 2p regions respectively, for the highest FOM
sample. XPS spectra can differentiate between the two
oxidation states of copper, Cu't and Cu?*. 93.5% of the
Cu 2p3/o peak area is consistent with a Cut! oxidation
state at a binding energy of 932.4 eV. Smaller compo-
nents of Cu?? at 933.8 eV and hydroxide at 935 eV are
present but account for only a few percent of the peak
area. Many authors use the presence of the well known
shake-up satellite peaks, between 940-945 eV, as an indi-
cation of the Cu?*t oxidation state which is absent in our
spectra. The binding energy of the Cr 2p3 /5 is 576.6 eV,
indicating a 3% oxidation state, which is consistent with
previous reports for CuCrQ,.2728
The Cu/(Cu+Cr) ratio is the atomic ratio defined as the
following fraction Cu/(Cu+Cr)*100 (as a percentage). A
Cu/(Cu+Cr) ratio of 50% would be expected for stoi-
chiometric CuCrQOs, while our best performing films are
Cu deficient with ~30-35% for the Cu/(Cu+Cr) ratio.
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FIG. 3. XPS spectra of the Cr 2p and Cu 2p regions of
CuCrO». Figure 3(a) shows the Cr 2p peak region is compli-
cated by an Auger peak of copper but the Cr 2p3/; has a bind-
ing energy of 576.6 eV which matches reports for CuCrO,.
Figure 3(b) shows the Cu 2ps/2 peak is consistent with a
Cu™! oxidation state with a binding energy of 932.4 eV,
FWHM = 1.1. Smaller components of Cu™? at 933.8 eV and
hydroxide at 935 eV are present. The Cu satellite peaks be-
tween 940-945 eV for Cu®" is notably absent.

The Cr:Cu:O ratio is approximately 1:2:4 which indi-
cates that the atomic ratio is close to the spinel phase
of copper chromite (CuCry04). However the absence of
Cu?* from the XPS analysis and the high transparency
of the material suggest that the material is closer re-
lated to CuCrOsy in terms of crystallographic structure
and opto-electronic properties. CuCro04 has been found
to be very absorbant, even in thin film form.?® In order
to investigate the ratio throughout the film a sample was
argon plasma etched in intervals at a higher voltage of
750 V, taking the atomic ratio at each interval. The etch
rate was approximately 0.35nm/min. This is shown in
Fig. 4. As can be seen the ratios do not vary significantly
throughout the film. Due to the nano-crystalline nature
of the films a definite assignment of the dominant phase
remains difficult, though a Cu deficient CuCrO, struc-
ture is the most consistent with all of the available data.
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FIG. 4. Depth profiling showing the variation in the
Cu/(Cu+Cr) ratio.

To compare our results to the literature the FOM was
calculated using Eq. 1.
o -1
F=—=——+— 1
a  Rgln(T+ R) (1)
where Ry, is the sheet resistance, T is the transmittance,
R the reflectance, o is the conductivity and « is the ab-
sorption coefficient. The T and R values are the average
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FIG. 5. (a) Transmittance and Reflectance of a 70 nm film.
(b) The absorption spectra of Cu deficient CuCrO2 is com-
pared to a-CraO3:Mg.? All measurements were taken with air
as a reference.

of 30 points over the 1.5-3eV range. T and R data are
used to minimize the effect of Fabry-Perot oscillations
on the FOM estimation. Fig. 5(a) shows the T and R
data for the best performing sample resulting in a FOM
of 3501S. It was found during screening that both the
oxygen partial pressure and temperature affect the per-
formance of the films. There is a narrow temperature
range (£3°C) to obtain the best performing films for a
given Cu/(Cu+Cr) precursor ratio. This is related to the
temperature dependent decomposition rate of the precur-
sors which results in an optimum temperature window.
Similarly the decomposition of the precursors is influ-
enced by the presence of oxygen. The absorption spectra
of Cu deficient CuCrQOj is compared to a-CryO3:Mg? in
Fig. 5(b). The two absorption peaks at 2.1 and 2.6eV
are well known for a-CroO3 and are absent in our films.
The conductivity of the films was in the range 4-12S/cm
for the samples with the highest FOM. Fig.6 shows the
variation of conductivity with temperature. Above 220 K
the small polaron hopping (SPH) model is used to fit the
data and a hopping activation energy W of 65 meV is
calculated, which is comparable to Boltzmann activation
energies previously obtained.3? At approximately 220 K
there is a discernible change in the slope of the line which
indicates a crossover in the conduction mechanism. The
inset of Fig. 6 shows how the conductivity varies with
temperature using the variable range hopping (VRH)
model. The T~1/* dependence at low temperature has
been observed previously in CuCrO,!!, CuAlO53! and
CuCr0:Mg?? and is typical in disordered systems with
localized charge carrier states at low temperature.

The positive Seebeck coefficients S for these films were
in the 70-100nV/K range indicating that the predomi-
nant charge carriers are holes. Previously, S values for
undoped CuCrO, have been reported as 110-120 pV /K.13
Our films display lower S values but higher conductiv-
ity which may originate from native defects generated
from Cu vacancies as the films are highly Cu deficient.
Similarly we cannot exclude small amounts of uninten-
tional dopants such as Zn or Mg from precursor impu-
rities, though they are below the XPS detection limit
(~ 0.5%). The polaronic nature of CuCrO, has already
been reported extensively? and motivated by this we use
the SPH model to estimate a mobility value. Within this
model the Seebeck coefficient can be used as a direct mea-
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FIG. 6. The SPH model is used to fit the electrical data from
300-220 K as indicated by the red-dashed line. Below this
the VRH model is more appropriate. The inset shows the
conductivity as a function of temperature for this model.

sure of the fraction of occupied carrier sites”?, ¢. This
is related to the carrier concentration p by p=Nc, where
the density of conducting sites N can be calculated using
the unit cell volume of the CuCrOs crystal and the num-
ber of Cu atoms per unit cell (2.5x10?2 ¢cm™3). From
this p it is possible to estimate a mobility of 6.4x1073
em?/Vs for a sample with a conductivity of 12'S/cm (the
highest conductivity at room temperature for our films).
The Hall mobility of CuCrOs doped with Mg has been
measured to be 0.042 cm?/Vs at room temperature for a
sample with conductivity of 67S/cm.?* Given that this is
more conductive by an order of magnitude our estimated
mobility is reasonable.

In summary, a nano-crystalline Cu deficient CuCrOq
phase has been grown with a high FOM (350 uS) surpass-
ing the best reported solution processed methods.'® This
was achieved by spray pyrolysis at relatively low tem-
perature (=~ 345°C). Room temperature conductivities
as high as 12 S/cm without postannealing were observed.
This growth method is scalable and low cost in compar-
ison to alternative deposition methods. The film prop-
erties in terms of optical and electrical properties, and
crystallographic phase are very similar to doped CuCrOs
despite the lack of any long range crystallographic order.
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Spray Pyrolysis growth of a high figure of merit, nano-crystalline, p-type
Transparent Conducting Material at low temperature.

Supplementary information:
Effect of the cleaning procedure and sputtering on the XPS spectra.

Prior to determining the Cu/(Cu+Cr) ratio, it was necessary to remove traces of unreacted precursor
precipitating after growth during sample cool down. All samples were sputter-cleaned using an Ar'*
ion gun operated at 500V for 10 minutes with a sputter current of 2-3 pA. Figure S1(a) shows the
XPS spectra of the Cu-precursor (Cu(acac),) itself, which matches previously published data on
(Cu(acac),) [1]. The Copper region of as grown samples shows Cu in a +1 oxidation state with a
mixture of the unreacted Cu precursor present (Fig S1(b)). After the initial cleaning step the
precursor traces are removed, while the Cu+1 signature of the oxide material remains unchanged

(Fig S1(c)).

To investigate the variation of the Cu/(Cu+Cr) ratio in the films, depth profiling was also
performed. This was done using an Ar'* ion gun operated at a higher voltage of 750V with a sputter
current of 8.5 PA. After sputtering steps (c)-(e) the Cu'* and Cr®** line-shapes do not change
significantly. With XRR thickness measurements before and after sputtering the effective sputter
rate was estimated to be 0.35 nm/min, while the initial cleaning step at lower voltage does not lead
to a significant oxide removal.
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Figure S1 — XPS spectra of (a) the unreacted precursor. (b) shows the XPS spectra of both the Cu and Cr regions of the
as received Cu deficient CuCrO, sample. (c) is after typical cleaning conditions cleaned using an Ar ion gun operated at
500 eV for 10 minutes with a sputter current of 2-3 pA. (d) is after 33 minutes of depth profiling. () Depth profiling
after 60 minutes.

[1] K. Okada, J. Kawai, A. Kotani, Triple-peak feature of Cu 2p x-ray-photoemission spectrum in copper
acetylacetonate, Phys. Rev. B, 48 (1993) 10733-10738.



