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Introduction

Improved transparency and conductivity in copper
chromium oxide coatings through aliovalent
doping and stoichiometry control}

Jaewon Kim,*® Owen Kendall,” Triet Thien Huu Nguyen,®
Joel van Embden® and Enrico Della Gaspera (D

Copper delafossites are well known p-type oxide semiconductors with transparent conducting properties,
displaying high electrical conductivity, optical transparency, and wide band gap (~3 eV), and as such they
have potential applications in various optoelectronic devices. However, their performance is still inferior
compared to their n-type counterparts. In this study, we investigate the deposition of delafossite copper
chromium oxide (CuCrO,) thin films employing a sol-gel precursor solution in conjunction with ultrasonic
spray pyrolysis. Our research focuses on assessing the influence of magnesium doping on the structural,
electrical, and optical properties of the CuCrO, coatings. We employ a range of characterization
techniques, including X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy,
electrical conductivity, and optical spectroscopy. Continuous, dense and polycrystalline thin films of phase
pure delafossite films are obtained across all conditions, regardless of the addition of Mg dopants. A
copper-poor precursor formulation was chosen to enhance the visible transparency of the coatings.
Importantly, the electrical properties of CuCrO, thin films exhibit substantial enhancement following the
Mg. Our optimized exhibit conductivity of 528 S
transmittance greater than 50%, and an optical band gap of approximately 3 eV. These
noteworthy findings constitute as a promising foundation for the development of high-performance
p-type transparent conductors.

introduction  of films cm™®,  visible

S em™).*” However, while n-type TCOs are well established and
developed, there is a lack of high-performance p-type TCO due

Transparent conductive oxides (TCOs) are key components of
many optoelectronic  devices, including solar cells,
photodetectors, light emitting diodes, electrochromics and
touchscreen displays, due to their dual property of being highly
optically transparent in the visible region, and also electrically
conductive. The vast majority of TCOs are based on wide band
gap n-type semiconductors such as indium oxide (In,0;), zinc
oxide (ZnO) and tin dioxide (SnO,), which are usually
appropriately doped with aliovalent ions to increase their n-type
character and their electrical conductivity.'” These materials
have shown high transparency (>85% transmittance across the
visible range, due to their band gap being in the ultraviolet
region, above ~3 eV) and high electrical conductivity (up to 10*
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to their inferior electrical properties and pronounced absorption
across the visible spectrum.**° This has drastically limited the
fabrication of all-oxide devices, power electronics and
optoelectronics with innovative architectures, which all require
stable, highly conductive, and highly transparent p-type TCO.
Copper-based ternary oxides, and especially copper
delafossites, constitute a class of materials that has shown
great promise as p-type TCOs compared to other traditional
p-type oxides.''™” They have a general formula of CuMO,
where M is a trivalent cation (Al, Cr, Fe, or Ga)."""*2° Their
wide band gap and enhanced conductivity due to their
distinctive valence band structure make them highly suitable
for p-type TCO.>" In addition to their fundamental properties,
copper delafossites can be aliovalently doped to increase
their p-type character, mostly using divalent cations such as
zinc, magnesium and nickel to replace the native trivalent
ion (chromium, gallium or aluminium).>**° Moreover, being
delafossites ternary oxides, they possess two cation sites and
their electrical and optical properties can be further modified
and adapted by changing their stoichiometry (ie.
synthesizing Cu-poor or Cu-rich compositions).****

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Amongst all delafossites, CuCrO, is particularly attractive
because of its proven excellent optoelectronic properties, that
surpass those of other delafossites, especially as far as
electrical conductivity is concerned. For such reason, CuCrO,
thin films have been explored using a variety of deposition
techniques such as sputtering,”® pulsed laser deposition
(PLD),* atomic layer deposition (ALD),** chemical vapor
deposition (CVD),> spin-coating,”* and spray pyrolysis.>> In
our previous work, we presented a thorough investigation on
the fabrication of CuCrO, thin films using ultrasonic spray
pyrolysis, through the analysis of both solution chemistry
and deposition parameters."” A careful selection of
decomposition temperature, film thickness and copper to
chromium ratio enabled to produce films with high electrical
conductivity and reasonable transparency. In terms of
electrical and optical properties, these films were on par or
better than any other delafossite thin films in the literature,
with the exception a few examples were the CuCrO, films
were fabricated by vacuum depositions. Importantly, we
discovered that samples fabricated from stoichiometric (Cu:
Cr = 1:1) precursor solutions were copper rich, and that
reducing the amount of copper precursor resulted in coatings
with higher visible transparency, which however came at the
cost of a reduced electrical conductivity. In this study, we
expand on these results, showing the incorporation of Mg
dopant in these CuCrO, thin films prepared ultrasonic spray
pyrolysis using a simple alcohol-based sol-gel precursor
solution. Improved visible transparency (up to 60% average
transmittance across the visible range) while maintaining
high electrical conductivity (>50 S em™) was simultaneously
achieved balancing both the dopant amount and the Cu:Cr
ratio, providing access to improved transparent electrode
performances. Our study suggests a simple and versatile
fabrication method for an attractive material candidate for
transparent electronic devices that require high-performance
p-type TCOs.

Experimental
Materials

Copper(u) acetylacetonate (Cu(acac),, 99.9%) and chromium(m)
acetylacetonate (Cr(acac)s, 99.7%) were purchased by Sigma-
Aldrich. Magnesium(u) acetylacetonate (Mg(acac),, 98%) was
purchased from STREM Chemicals. Methanol, acetone, and
isopropanol (IPA) were obtained from Univar. All chemicals
were used without further purification.

Film deposition

A precursor solution consisting of 8 mM of Cu(u), 12 mM of
(Cr(m) + Mg(u) acetylacetonate), in methanol was prepared and
stirred for 2 h. For example, in a typical reaction for a sample of
nominal composition [Cu4Cry¢-Mg,0], where x = 0.1, 251.3
mg Cu(acac),, 452.7 mg, Cr(acac);, and 32.0 mg Mg(acac), were
dissolved in 120 mL methanol. Substrates (borosilicate glass
and silicon) were ultrasonically cleaned in acetone and IPA for
10 minutes each, and then dried with a nitrogen stream.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Deposition of doped and undoped CuCrO, films via spray
pyrolysis was carried out with a Nadetech ND-SP ultrasonic
spray coater equipped with a 120 kHz nozzle. The deposition
temperature was fixed at 450 °C. The details of the spray
pyrolysis parameters can be found in our earlier work." In the
following, the samples will be labelled with the nominal
composition based on precursor amount, according to the
simplified notation: [Cu,Cry-,Mg,0],, where a + b = 1, and 0 <
x < 0.12. However the true experimental composition obtained
via compositional analysis is also provided.

Characterization techniques

X-ray diffraction (XRD) patterns for CuCrO, films were
obtained with a Bruker D4 diffractometer operating at 40 kV
and 35 mA using Cu Ko radiation (1.5418 A). The surface
morphology and thickness of CuCrO, films were measured
by field emission scanning electron microscopy (FE-SEM, FEI
Verios 460). Compositional analysis via energy-dispersive
X-ray spectroscopy (EDX) was conducted within the same
instrument. X-ray photoelectron spectroscopy (XPS) was
conducted with a Kratos AXIS Supra X-ray photoelectron
spectrometer equipped with a monochromated Al Ko X-ray
source (1486.7 eV) and a concentric hemispheric electron
analyzer. Sheet resistance measurements in 4-point probe
configuration were measured by a Jandel multi height probe
combined with an RM3000 test unit. The sheet resistance
was always measured in the center, and multiple samples
prepared in the same way were measured and the results
presented as an average value. Optical transmittance and
reflectance spectra were acquired with an Agilent Cary 5000
spectrophotometer equipped with an integrating sphere,
which enabled us to acquire the total values (diffuse + direct)
of both transmittance and reflectance. Optical measurements
were conducted in the center of each sample used for sheet
resistance measurements.

Results and discussion

Mg-doped CuCrO, thin films were coated on borosilicate
substrates via a sol-gel process, using methanol as the solvent
due to its ability to readily dissolve all precursors. Ultrasonic
spray pyrolysis was used as the deposition technique because it
can readily produce high quality, crystalline oxide coatings, and
also provide a mean to achieve tuneable doping concentration
by simple modification of the precursor concentration.® We
have recently showed excellent p-type CuCrO, coatings by
ultrasonic spray pyrolysis, through a careful optimisation of

deposition  temperature, and  precursor type and
concentration.’” Here, we build on these results and
demonstrate the incorporation of Mg dopants into

compositionally adjusted CuCrO, coatings to produce p-type
transparent conductors with greatly improved optoelectronic
properties and related figure of merit. The ultrasonic spray
pyrolysis system is schematically presented in Fig. 1a. Briefly, the
sol-gel precursor solution is fed through an ultrasonic nozzle via
a syringe pump to ensure constant flowrate. The ultrasonic

RSC Appl. Interfaces, 2024, 1, 502-510 | 503


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lf00227f

Open Access Article. Published on 09 February 2024. Downloaded on 3/8/2026 7:30:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Applied Interfaces

(a)  Liquidiniet g (b) (c) ¢¢ ##
_— Nt FAN x=0.12 : :
To Ultrasonic % x=040 | * | ‘
N, inlet generator g - :gf ¢¢¢ J
E /\ X = 0.025 O'\OAg X 2 ‘é):‘
Y/ 44
§ g ¢ ‘ 3 § s g g c
I S J & =, 0§ 1 »
30 40 50 60
Substrate 20 (deg) a ¢¢’¢¢

Fig. 1 a) Schematic illustration of the ultrasonic spray pyrolysis system. b) XRD patterns for the prepared CuCrO, thin film at various Mg
concentrations. The expected peak positions for delafossite CuCrO, according to ICDD No. 74-0983 are reported at the bottom. c) Schematic

representation of the CuCrO; lattice.

nozzle atomizes the liquid into small, monodisperse droplets
that are ejected from the nozzle and directed onto the heated
sample using a nitrogen stream to shape the precursor mist.

As mentioned earlier, we chose a precursor formulation
deficient in copper (nominal Cu:Cr = 0.4:0.6) to avoid the
formation of copper-rich films, and deposited coatings with
varying Mg amounts, by replacing different amounts of Cr
with suitable amounts of Mg, in order to keep Mg + Cr constant,
according to a nominal composition [Cug 4Crg ¢-Mg,0],, where
x varies between 0 and 0.12. We used energy dispersive X-ray
spectroscopy (EDX) to quantify the amount of dopant
incorporated within the films, and the true Cu:Cr ratio. As
shown in Fig. S1 and Table S1,i the samples prepared from a
copper deficient solution have a Cu:Cr ratio ~1:1, while
samples deposited from a 1:1 molar mixture of Cu and Cr
precursors are heavily copper rich. This greatly impacts their
optical and electrical properties (vide infra). The presence of
Mg is also demonstrated, and its amount is seen to increase
linearly with the amount of precursor used. However, the
experimentally detected Mg amount is ~25% of the amount
of precursor used.

X-ray diffraction (XRD) was used to confirm the
crystallinity of the deposited coatings. All samples display the
(101) and (012) diffraction peaks of rhombohedral delafossite
CuCrO, (space group R3m, ICDD No. 74-0983), with no
additional peaks detected, confirming phase purity and the
absence of impurity phases such as MgO, within the
detection limits of the XRD (Fig. 1b). Importantly, while the
presence of additional phases cannot be completely excluded
since they might be either amorphous, or not resolved by
XRD, we performed a simple test by spraying the Mg
precursor alone at 450 °C. The resulting sample was
amorphous, confirming that this pyrolysis temperature is
sufficient to decompose the dopant precursor, but not to
crystallize MgO itself. The absence of nominally high
intensity diffraction peaks such as (006), (104) and (018)
suggest strong texturing of the deposited films, which is also
consistent with the literature.”*>”**3¢

Careful analysis of the (012) peak shows a progressive shift
in diffraction angle as a function of Mg amount, consistent
with incorporation of extrinsic dopants within the CuCrO,

504 | RSC Appl. Interfaces, 2024, 1, 502-510

crystal (Fig. S27). However, this shift points to a reduction in
the lattice spacing, which is counterintuitive since Mg>* has a
larger ionic radius than Cr*". The reason behind this unusual
behavior is still under investigation. Mg doping was also
found to have a minor effect on the overall crystallinity of the
CuCrO, coatings. In fact, with the increase in Mg amount,
and especially at high concentration, the diffraction peaks
are slightly broadened and reduced in intensity. However, the
films remain crystalline.

The surface morphology of the films was investigated using
SEM. Continuous, pinhole-free films with polydisperse grains
(size of the order of 40-80 nm) were observed for all
compositions, except at Mg nominal amount exceeding 0.1,
where the grain size was negatively affected (Fig. 2 and S3 in
ESIt). This is consistent with the XRD results which showed a
reduced crystallinity at high Mg loading. The loss in deposition
quality is also accompanied by a reduced thickness measured at
high concentrations, while the thickness remains rather
constant in samples prepared from lower Mg amount (Fig. 2d
and S41). As mentioned, most samples show a rather broad
grain size distribution, with a few larger grains being observed
over a dense layer of smaller grains. This is consistent with our
earlier results on undoped CuCrO,."”

We used XPS to analyze the chemical composition and
chemical environments of the prepared films, and a typical
survey spectrum is shown in Fig. S5.f The high resolution
XPS spectra of the main regions of interest are reported in
Fig. 3. Fig. 3a shows the Cu 2p region, with the Cu 2p;/, and
Cu 2p;, main components, centered at ~932.2 eV and
~952.0 (spin-orbit splitting of ~19.8 eV), indicative of Cu’,
as expected from delafossite materials. However, the presence
of Cu®" is also observed, due to the shoulder peaks at ~934
eV and 954 eV, and the corresponding satellite (shake-up)
peaks at higher binding energies, characteristic of Cu(u)
species. This is not surprising, since surface oxidation of Cu
species in delafossite is known, and it is consistent with our
earlier work!” and also other literature reports.>?"3%
Importantly, negligible differences are observed in the copper
environment as a function of Mg doping.

Fig. 3b presents the Cr 2p region, showing the two main
components Cr 2p;, and Cr 2p,, centered at 576.0 €V and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images for CuCrO, films deposited with different nominal Mg concentrations. a) 0 b) 0.05, c) 0.10. The scale bar is 400 nm and is
common to all SEM images. d) Plot of film thickness for various Mg concentrations.
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Fig. 3 XPS characterization for CuCrO; films as a function of Mg concentration. a) Cu 2p, b) Cr 2p, c) O 1s, and d) C 1s and Mg KLL. The inset in

(d) shows a zoomed view of the Mg KLL region.

585.8 eV respectively (spin-orbit splitting: ~9.8 eV), which are a
clear indication of chromium in the +3 oxidation state as

© 2024 The Author(s). Published by the Royal Society of Chemistry

expected in delafossites.'”**” The third peak in this region is a
copper Auger peak (Cu LMM, ~569.5 eV). The only difference
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observed in this region is the intensity ratio between the Cr 2p
and the Cu LMM component, with the chromium peaks
becoming slightly less intense compared to the copper peak at
higher Mg doping. This is not surprising, since when doping
with magnesium, a certain fraction of the Cr precursor was
substituted with the Mg precursor, resulting in an overall lower
Cr amount. Fig. 3c shows the O 1s region, with its typical
asymmetric line shape: the main component at low binding
energies (~529.8 eV) corresponds to oxygen in a metal oxide
environment (lattice oxygens), while the shoulder at higher
binding energies is due to a series of contributions including
surface hydroxides, and adsorbed organics containing C-O and
C=0O0 groups. Again, no difference in the oxygen environment is
observed across the samples prepared in this study. The
detailed XPS fittings for Cu 2p, Cr 2p and O 1s are presented in
Fig. S6.f Analysis of the Mg signal was quite challenging, since
we could not detect clearly its presence in the conventional Mg
1s region (expected peak at ~1305 eV). However, clear signature
from Mg appears in the Mg KLL Auger region (300-310 eV), with
a single peak centered at ~305 eV, indicative of Mg in an
oxide environment, as shown in Fig. 3d.** The intensity of this
peak is also clearly increasing with the amount of Mg precursor
used for the films deposition. The presence of Mg at least in the
samples with the highest doping levels can also be inferred

View Article Online
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from the analysis of the Mg 2p region (Fig. S7at), which is also
quite close to the Cr 3p region. However, due to the low
intensity of these peaks, only a shoulder can be seen here. The
reason for the lack of Mg 1s peak could be that Mg is located
just underneath the sample surface, and this effect could be
enhanced by the presence of surface adventitious carbon.
However, due to differences in kinetic energy, the Auger signal
can be detected even if the Mg 1s is not. XPS analysis after
etching could be a solution, however it was decided to avoid this
process since even the mildest etching has been shown to
heavily affect the copper environment in CuCrO,-based films."”
In addition to the elements and their oxidation state, XPS also
provides information on their electronic properties via analysis
of the valence band region. In fact, the onset of the valence
band spectrum corresponds to the energy difference between
the valence band maximum and the Fermi energy. All samples
show a Fermi energy very close, if not within the valence band
edge, confirming a strong p-type character of the prepared
delafossite films (Fig. S7b¥).

The key aspect of this work is the investigation of the
optical and electrical properties of the prepared films. Fig. 4,
S8 and S91 present an overview of the optical properties for
these coatings, showing a high transparency in the visible
range (51-61%) for all Mg compositions. This is due to the
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Fig. 4 Optical properties of CuCrO, films at various Mg concentration. a) Transmittance spectra. The dashed line is the spectrum for a
conventional, copper-rich film. b) Photograph of samples. c) Tauc plots, and d) the estimated band gap.
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selected copper-deficient precursor formulation, that enables
lower visible absorption compared to films produced with a
1:1 Cu:Cr precursor ratio, which show an average visible
transmittance of only ~34% due to a much Ilarger
absorptance at visible wavelengths (46% for [Cu, 5Cr 50], vs.
34% for [Cuy 4Cr( 0], Fig. S97). In addition, working in Cu-
poor conditions makes the formation of Cu,0O and CuO
phases unfavourable, therefore avoiding strong absorption in
the visible associated with these impurity phases.

There doesn't seem to be a clear trend in transmittance with
Mg doping, besides a slight increase on average compared to
the undoped sample. This is consistent with literature, which
shows that reducing the amount of Cr’" via substitution with
Mg>" (or AP’") can help reducing visible absorptions.'®*°
Moreover, it has also been reported that Mg®* suppresses the
nucleation of the aforementioned copper oxide phases during
deposition, further contributing to reduce unwanted visible
absorptions.*"*

Visually, the samples display a slight greenish/purplish tinge,
which is due to a combination of absorption and reflection at
slightly different wavelengths (interference fringes arising from
different thickness/refractive index combinations, see Fig. 4b
and S10t). Importantly, the calculated band gap for all films
remains reasonably constant at ~3 eV regardless of Mg amount,
except for large doping levels. However, in these conditions
structural and morphological changes were observed (reduced
crystallinity, smaller grain size) so the slight widening of the
band gap cannot be ascribed to the presence of Mg alone. The
lack of the expected Burstein-Moss effect with Mg doping can
be explained by noting that the undoped CuCrO, is already a
degenerate semiconductor with a large hole density exceeding
10*" em™.

After discussing the optical properties, we now move to
analyse the electrical properties. Fig. 5 shows the sheet
resistance value and the conductivity of CuCrO, coatings
prepared in this study as a function of the amount of Mg. The
sheet resistance is seen to gradually decrease by almost an order
of magnitude with increasing the amount of Mg up to x ~ 0.1.

100

10%F Nominal [Cu, ,Crq,Mg,0],
=) -O- Sheet resistance .
@ -\- Conductivity 180 ﬁE
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Fig. 5 Electrical properties of CuCrO, films as a function of Mg
amount. The values for the copper rich, undoped CuCrO, prepared
from stoichiometric precursors are also reported.
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Concurrently, the electrical conductivity - calculated from the
sheet resistance and the sample thickness - increases steadily
over the same doping range. This is due to aliovalent p-doping
provided by Mg>" substituting Cr*" in the delafossite lattice,
therefore increasing the overall hole concentration. A similar
trend has been reported previously in a other studies of Mg-
doped copper oxides and copper delafossites.>*2404

The highest conductivity (44.8 + 9.6 S cm™" on average, with
52.8 S cm ™" as the record value) was obtained for a nominal Mg
doping level x = 0.11, while the undoped sample displayed a
much lower value of 5.5 + 1.0 S cm™" on average, with 6.4 as the
record value. This change in electrical properties is due to
aliovalent doping provided by magnesium ions. Mg*" can
substitute Cr’*, generating an excess of positively charged holes,
and therefore enhancing the p-type character of CuCrO,. We
note that the undoped CuCrO, prepared from stoichiometric
precursors (resulting in copper-rich coatings) has a higher
electrical conductivity (67.8 + 16.3 S ecm™'), due to its higher
copper content that increases its p-type conductivity."”
However, as mentioned above, more copper in CuCrO, films
leads to a decrease in visible optical transmittance, negatively
affecting the performance of transparent electrodes, exemplified
by the figures of merit discussed in the following. Developing a
copper poor precursor formulation, which results in
stoichiometric, compositionally balanced films, and introducing
Mg as aliovalent dopant enables to retain high conductivity
similar to that of copper rich coatings, and gain enhanced
transparency, therefore boosting the overall TCO performances.

The quality of a transparent electrode is usually assessed
through a combination of optical transparency in the
wavelength range of interest, and electrical conductivity. These
two parameters are conventionally combined in various figures
of merit (FoM), the two most common being Haacke's and
Gordon's. The Haacke's FoM* is defined as the transmittance
of the film raised to the tenth power, and divided by its sheet
resistance, as follow:

R —
Rsh

where T is the optical transmittance (here we used the average

transmittance across the 400-800 nm wavelength range instead
of the peak value to obtain a more representative value), and Ry,
is the sheet resistance in Q per square.

On the other hand, Gordon's FoM® is defined as the ratio
between the electrical conductivity and the absorption
coefficient in the visible region:

o 1

a  RgIn(T+R)

where o is the electrical conductivity, « is the average

absorption coefficient, Ry, is again the sheet resistance, T is
the average transmittance in the visible region, and R is the
average reflectance in the visible region. Due to their
mathematical expressions, Haacke's FoM is more sensitive to

RSC Appl. Interfaces, 2024,1, 502-510 | 507
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Fig. 6 Figure of merit (FOM) as a function of Mg amount. a) Haacke's figure of merit and (b) Gordon's figure of merit.

changes in transmittance, therefore promoting TCOs with
higher transparency, while Gordon's FoM puts more
importance on electrical conductivity.

The two FoM for the samples prepared in this study are
presented in Fig. 6. The values have been measured for multiple
samples and the data are presented as an average value (with
associated error), and also highlighting the best value for each.
There isn't a clear trend in Haackes' FoM with Mg doping,
besides an initial increase compared to the undoped sample.
This is not unexpected considering the optical and electrical
properties of these samples, which all show comparable
transmittance when in copper deficient formulations.
Importantly, the undoped sample has already a highly improved
FoM compared to the “standard” CuCrO, deposited from 1:1
Cu: Cr precursors, due to its lower Cu amount, and these two
factors combined provide ~2 orders of magnitude increase in
FoM from <2 x 107® (Q sq™") to >1 x 10° (Q sq"). If we
consider the Gordon's FoM, we can appreciate its strong
dependence on the electrical properties: the steady rise in
conductivity observed as a function of Mg doping is reflected in
a constant increase in FoM. Importantly, the best samples
prepared in this study not only have a massively improved
Haacke's FoM compared to conventional, copper-rich coatings,
but also supersede them when comparing the Gordon's FoM. In
fact, the average value of the standard sample is ~1 mS (best is
1.45 mS), while for our optimised formulation (optimised Cu:
Cr and optimised Mg doping) the average FoM is ~1.35 mS,
with best value >1.7 mS. These are some of the highest values
ever reported for delafossite oxides, and are only surpassed by
coatings deposited with complex, slow and expensive vacuum
based depositions such as ALD and sputtering.**** This is
exemplified in Fig. 7, where the average visible transmittance
and electrical conductivity are plotted for the samples presented
here and compared with other copper delafossite transparent
electrodes (CuCrO,, and CuGa0,). It is clear how our samples
are not just an improvement on our earlier results (higher
transmittance achieved for the same conductivity) but also
surpass all delafossites available in the literature, with the single
exception of highly conductive samples (>100 S cm™") prepared
by ALD.*° The combination of our optimised spray
pyrolysis method and the careful selection of the chemical
composition of the CuCrO,-based coatings provide excellent

508 | RSC Appl. Interfaces, 2024, 1, 502-510

TCO performances with a solution-based process which is
simple, amenable to large areas and continuous fabrication,
and cost effective, since it is also conducted at temperatures not
exceeding 450 °C and in ambient air. As such, the excellent
properties of our top performing sample (>50% average visible
transmittance and conductivity exceeding 50 S cm™") provide a
platform for the implementation of these CuCrO, thin films
within a variety of optoelectronic devices, which could include
solar cells, LEDs, transparent power electronics, photodetectors,
electrochromics and even transparent thermoelectrics. The
current lack of p-type transparent electrodes has prevented the
full development of these devices, and our results constitute a
step forward in this direction.

Conclusion

In conclusion, our study has successfully demonstrated the
growth of compositionally controlled, Mg-doped copper
chromium oxide delafossite coatings through ultrasonic
spray pyrolysis. Starting from a copper deficient precursor
solution, CuCrO, samples with improved optical properties
in terms of visible transmittance could be deposited.
However, these samples simultaneously revealed a deficiency

100
9
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- A Literature-CuCrO, o A
()]
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Fig. 7 Average transmittance in the visible range vs. conductivity
values for the best Mg-doped CuCrO, samples presented in this study,
and those reported in the literature for various Cu delafossites such as
CuCrO, and CuGaO,. The references used to construct this table are
presented in the ESIf as Table S2.
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in electrical properties compared to films deposited from
conventional 1:1 precursor solutions, which are copper rich.
Notably, the introduction of magnesium divalent cations as
substitutional dopants at the chromium site led to an
enhancement in electrical conductivity, resulting in an order
of magnitude increase (average 44.8 + 9.6 S cm™') compared
to undoped CuCrO, (5.5 + 1.0 S ecm'). Importantly, this
improvement in electrical conductivity was achieved while
preserving optical transparency (7 = 50-60%) in the visible
region. Our champion sample achieved an electrical
conductivity of 52.8 S cm™" and over 60% of average visible
transmittance, which translate in very high figure of merit
(FoM) values for both the Haacke and Gordon's FoM,
positioning compositionally adjusted, aliovalently doped
copper chromium oxide as a lead contender towards high
efficiency p-type transparent electrodes.
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