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In this research, single phase delafossite CuCrO, thin films were successfully synthesized using dual
sputtering technique. A DC source was employed for the copper target, whereas the chromium target
was sputtered using an RF source with oxygen acting as the reactive gas. The films were sputtered on a
quartz substrate at 400 °C. The sputtering power for chromium was maintained at 100 W, while the
power for copper ranged from 10 W to 40 W. Following deposition, the films were annealed in a
nitrogen environment for 10 hours at 800 °C. XRD examination confirmed that single-phase CuCrO,
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was achieved with a copper target power of 20 W. The findings of the XRD investigation were further
validated by XPS analysis. Cu:Cr at% composition ratio of 1:1:04 was obtained when deposited at a
DOI: 10.1039/d4ma00799a power of 20 W. SEM grain sizes ranged from 100 nm to 150 nm optical studies indicated an optical

transmission of 57.5% and a bandgap of 3.08 eV. The single-phase film demonstrated a resistivity of
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Introduction

Transparent conducting oxides (TCOs) are wide-bandgap semi-
conductors known for their good optical transmittance in the
visible spectrum and high electrical conductivity."” Due to
these characteristics, they are commonly employed in optical
devices like LEDs, displays, solar cells, and sensors.>™® p-Type
and n-type TCOs have the potential to be utilized in touch
panels for applications in smartphones and hospitals.” Because
of their excellent conductivity, n-type TCOs are commonly
employed as electrodes.® Numerous studies have been carried
out on n-type TCOs, like Al-doped ZnO (AZO),” ™ Sc-doped
Zn0,"** and Sn-doped In,0O; (ITO).*>'® However, the limited
research on p-type TCOs hinders the advancement of trans-
parent electronics.'””™"® Transparent electronics with active
devices need a combination of p- and n-type semiconductor
layers. As a result, they require a p-type counterpart.
Synthesizing p-type TCOs has proven to be challenging. This
difficulty arises because holes are deeply localized at the O-2p
oxygen level. The metallic atoms valence orbitals atoms are at
much higher energy levels compared to the O-2p levels, com-
plicating the creation of effective p-type TCOs.>**' Research
indicates that metal oxides possess considerably fewer valence
band electrons compared to metals. While doping has
been explored as a potential solution, the presence of highly
electronegative oxygen ions impedes hole mobility due to
the large energy barrier required for hole delocalization.?>™>*
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The concept of chemical modulation of the valence band
(CMVB) could be utilized to address this issue.?® Incorporating
cations like Cu’, which form strong covalent bonds with oxygen
ions, can effectively elevate the oxygen 2p energy level. This
reduction in Coulombic attraction between holes and oxygen
ions facilitates enhanced hole mobility within the crystal
lattice.>* Additionally, the closed shell of Cu 3d"° helps to avoid
coloration, thereby preserving optical transparency.>®

Films produced using the CMVB concept are referred to as
delafossites. Ag" or Cu* are employed as cations in this process.
Research has shown that films incorporating Ag" cations gen-
erally display very high electrical resistivity (10*-10° Q cm).”®
The extremely low carrier mobility is caused by the energy
misalignhment between the O 2p and Ag 4d orbitals.>” Cu-
based delafossites are obtained by incorporating Cu" cations.
These Cu-based delafossites, with a general formula of CuMO,
(where M represents trivalent cations like Cr**, In**, Ga*, S¢’*”,
and Y**), have demonstrated promising properties.”® P-type
TCOs, especially Cu-based delafossites, have seen a recent
surge in attention.>*' Cu-based delafossites have been shown
to have fairly high optical transparency (60-85%).>>>

CuCrO, is part of the Cu-based delafossite family and is
widely studied for its photovoltaic, optical, and electrical
characteristics.>*° It possesses a high bandgap and demon-
strates excellent optical transparency along with high hole
mobility.>?® Therefore, p-type delafossite CuCrO, was chosen
as the material for this research. In the past, there have been a
few studies on CuCrO, films. Tripathi et al. have utilized atomic
layer deposition (ALD) technique. In their work, they have used
copper 2,2,6,6-tetramethyl-3,5-heptanedionate (Cu(thd),) and
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chromium acetyl acetonoate (Cr(acac);) as the precursors.®”
The deposited films were later annealed at 600-800 °C in a
rapid thermal annealing furnace in Ar atmosphere. Typically,
deposition rates are very slow in ALD method. Chiba et al.
synthesized CuCrO, through RF magnetron sputtering using a
stoichiometric CuCrO, ceramic target.*®

In this work, CuCrO, thin films were synthesized using dual-
target RF magnetron sputtering using Cu and Cr targets. This
dual-target technique provides the flexibility of adjusting the
composition of the films and allows precise control over the
material ratio by varying the sputtering power of each target.
Additionally, it ensures excellent adhesion over large surface
areas without the need for specialized precursors, which are
often required for chemical vapor deposition.*®

Experimental
Deposition of CuCrO, thin films

CuCrO, thin films were deposited using a dual-target magne-
tron reactive sputtering, with an AJA International ultra-high
vacuum system equipped with both DC and RF power sources.
High-purity copper and chromium targets (99.99% purity) were
sputtered onto quartz substrates cleaned using acetone, metha-
nol, and deionized water, followed by drying with nitrogen gas.
Ultra-high purity oxygen was used as the reactive gas with a flow
rate of 1 sccm, while the argon flow rate was 20 sccm. Due to
the tool’s limitation to a single DC power source, the chromium
target was operated under RF power (13.56 MHz) at a constant
power of 100 W, while the copper target was operated under DC
power with varying power levels from 10 W to 40 W. The
deposition was initiated upon reaching a base pressure of
5 x 1077 torr. The thickness of all the samples was around
2000 A. To ensure uniform film thickness, the substrate holder
was rotated at a constant speed of 20 rpm. The deposition
pressure was held constant at 10 mTorr, whereas the substrate
temperatures during deposition were kept at 300 °C and 400 °C.
Post-deposition annealing was performed in a tube furnace
under a nitrogen atmosphere for 10 hours at 800 °C. During the
annealing process, the gas flow rate was regulated at 300 sccm.
Even though the films were annealed for 4 hours and 8 hours, it
was found that post-deposition annealing the films for 10 hours
at 800 °C exhibited optimal properties. Table 1 summarizes the
deposition parameters utilized in this study.

Table 1 Deposition parameters

Deposition parameter Specification

Base pressure 5 x 1077 torr

Deposition pressure 10 mTorr

Sputtering gas/flow rate Ar/20 sccm

Reactive gas/flow rate 0,/1 sccm

Cu power 10 W, 20 W, 30 W and 40 W
Cr power 100 W

Substrate temperature 300 °C and 400 °C
Thickness of deposited film 200 nm

Annealing temperature 800 °C

4, 8, and 10 hours
N, at 300 sccm

Annealing time
Annealing gas and flow rate
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Film characterization

The films thickness was determined using a Veeco Dektak 150
surface profilometer. X-ray diffraction analysis (XRD) analysis
was conducted using the PANalytical Empyrean XRD system
with a Cu radiation source operating at 45 kV and 40 mA.
Diffraction patterns were recorded in the 26 range of 25°-70°,
and phase information was analyzed using HighScore Plus
software version 4.5. The composition of the film was analyzed
using ESCALAB 250 Xi + X-ray photoelectron spectroscopy (XPS)
equipped with a monochromatic Al Ko source (1486.7 eV).
Prior to XPS measurements, an inbuilt EX06 ion source was
used for ion milling to remove surface oxygen. Thermo Fischer
Scientific Avantage software was employed for XPS peak fitting
and analysis. Surface morphology was analyzed using a Zeiss
Ultra-55 scanning electron microscope (SEM). Optical transmis-
sion across wavelengths from 200 to 800 nm was analyzed using
a Cary 100 UV-Vis spectrometer, and the band gap of the films
was determined using the Tauc plot technique. The conductiv-
ity type of the annealed films was assessed using the hot probe
method, and electrical resistivity was measured using the 4-
point probe method.

Results and discussion
Deposition rate studies

Fig. 1 shows the deposition rate trend at 400 °C substrate
temperature for various copper sputtering power levels. It is
observed that as the sputtering power applied to the copper
target increased, the sputtering rate also increased. While films
deposited at 10 W exhibited a lower deposition rate of approxi-
mately 37 A min?, those produced at 40 W demonstrated a
significantly higher rate of 87 A min~'. The increase in the
sputtering rate is due to the fact that higher sputtering power
releases more copper atoms from the target.’’ Based on the
deposition rates, the duration of sputtering was adjusted to
attain a thickness of around 2000 A for all the samples.
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Fig. 1 Sputtering rate for various copper sputtering powers.
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XRD analysis

The films were deposited at 300 °C and 400 °C. Since the films
annealed for 4 hours and 8 hours in N, ambiance after deposi-
tion did not show any significant peaks pertaining to the
CuCrO, phase, all post-deposition was done for 10 hours. Films
prepared by depositing at 300 °C and subsequently annealing at
800 °C, using a copper sputtering power of 10 W, exhibited a
more Cr,0;-rich phase. A mixed phase of Cr,O; and CuCrO,
was shown in the film when the power to the copper target was
raised to 20 W. A film rich in the CuO phase was produced by
raising the power to 30 W. As these films did not yield optimal
results, only the films deposited at 400 °C were subjected to
further characterization.

The XRD diffractograms of films deposited with different Cu
sputtering powers at 400 °C substrate temperature and then
annealed at 800 °C are shown in Fig. 2. The amorphous quartz
peak observed in all films between 18° and 25° was removed by
adjusting the 20 range. The as-deposited films displayed no
diffraction peaks, indicating their amorphous nature. This
absence of identifiable peaks was due to insufficient thermal
energy during deposition, which impeded crystallization. How-
ever, all annealed films showed distinct diffraction peaks,
indicating they were nanocrystalline in structure. Films depos-
ited with a copper power of 10 W exhibited peaks corres-
ponding to CuCrO,, along with some peaks associated with
Cr,05;. When the copper power was raised to 20 W, the Cr,0;
peaks disappeared, resulting in a single-phase CuCrO, film.
The diffraction peaks for this film were consistent with the
delafossite CuCrO, structure (ICDD: 98-016-3253). The diffraction
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Fig. 2 XRD diffractograms of films deposited at varying copper powers
and annealed at 800 °C.
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peaks observed at 20 angles of 31.37°, 35.65°, 36.5°, 41.14°, and
62.63° were indexed to the (006), (101), (012), (104), and (110),
respectively. Eqn (1) describes the chemical reaction involved in
the formation of CuCrO,.**

Cu,0(s) + Cry03(s) — 2CuCrO,(s) (1)

The films single-phase structure changed to a two-phase
structure when the Cu sputtering power was raised to 30 W and
40 W, most likely as a result of the films increasing Cu
concentration. At 30 W, peaks corresponding to CuO began to
appear, and these peaks became more pronounced at 40 W.
This trend indicates a shift from a Cr,O0;-rich phase at lower
power levels to a CuO-rich phase at higher powers. Therefore, it
can be concluded that a single-phase delafossite structure of
CuCrO, thin films was achieved at a Cu sputtering power of 20
W, with no detectable peaks of CuO or Cr,0;.

XPS analysis

Fig. 3 presents the XPS analysis of the single-phase CuCrO, thin
film. The spectrometer’s built-in copper sample was utilized for
automatic calibration of the binding energy. The film’s survey
spectrum, displayed in Fig. 3a, confirms the presence of peaks
corresponding solely to Cu, Cr, and O. The individual core level
spectra for Cu-2p, Cr-2p, and O-1s are illustrated in Fig. 3b-d.
Table 2 details the oxidation states, full-width half maximum
(FWHM), satellite peak position, peak positions, and associated
binding energies for the CuCrO, film.

There are two phases of copper chromium oxide: CuCrO,
(delafossite structure) and CuCr,O, (spinel structure).**> Pre-
vious studies have established that copper exhibits a +2 oxida-
tion state in CuCr,0, and a +1 oxidation state in CuCrO,.** The
satellite peaks differentiate between the core level spectra of
Cu'* and Cu®" species. Specifically, satellite peaks are absent
for the Cu'" species but present for the Cu** species.**™*¢

XPS analysis of the Cu 2p core level spectrum (Fig. 3b)
reveals peaks at binding energies of 951.2 eV and 931.4 eV,
corresponding to the Cu 2p;,, and Cu 2p,, states, respectively.
The absence of satellite peaks in the 940-950 eV region
indicates the lack of Cu®" species in the film. The Cr 2p core
level spectrum (Fig. 3c) exhibits a doublet with peaks at
585.06 eV and 575.04 eV, attributed to the Cr 2p,, and
Cr 2p;), states, respectively. The O 1s core level spectrum
(Fig. 3d) reveals a peak at 529.05 eV, which is associated with
lattice oxygen in CuCrO,.** A peak detected at 530.53 eV
corresponds to chemisorbed oxygen. These findings collectively
suggest that the predominant oxidation states of copper and
chromium cations are +1 and +3, respectively. The observed
peak positions are consistent with previous studies.*®*

The Cu:Cr at% ratio of films obtained using different
copper sputtering powers were studied. Films sputtered with
a Cu sputtering power of 10 W exhibited a ratio of 1:1.29. As
anticipated, the copper content increased with higher sputter-
ing power. The highest Cu: Cr at% ratio of 1:0.57 was observed
in the film deposited at a copper power of 40 W. Notably, the
single-phase CuCrO, film exhibited a nearly stoichiometric

Mater. Adv,, 2024, 5, 8919-8926 | 8921
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Fig. 3 XPS spectra of the CuCrO, film deposited with a copper sputtering power of 20 W: (a) survey spectrum; (b) Cu-2p state; (c) Cr-2p state; (d) O-1s

state.

Table 2 Peak positions, satellite peak positions, full-width half maximum
(FWHM) and their corresponding binding energies of the CuCrO, film
deposited at 20 W

Oxidation Binding Satellite FWHM
Peak state energy (eV) peak (eV) (eV)
Cu 2p;, Cu'” 931.40 — 1.18
Cu 2pyn cu'* 951.20 — 1.28
Cr 2ps/, crt 575.40 — 2.76
Cr 2py;2 cr’’ 585.06 — 2.45

ratio of 1:1.04. The film sputtered with a copper power of 30 W
had a ratio of 1:0.73. These results validate the successful
synthesis of a pure-phase delafossite CuCrO,.

Morphology studies

SEM images of the films deposited at 400 °C substrate tem-
perature employing different copper sputtering powers are
shown in Fig. 4a-d. The images were taken at a magnification
of 50 K X. The images reveal distinct grains, confirming the
nano-crystallinity previously observed in the XRD analysis. A
systematic increase in grain size was observed with an increase
in sputtering power. Films sputtered with a copper power of
10 W exhibited an average grain size of 99.2 nm. Single-phase
CuCrO, films deposited at 20 W exhibited an average grain size
of 110.05 nm. Increasing the sputtering power to 30 W and
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Fig. 4 SEM images of films deposited with a copper sputtering power of
(@) 10 W, (b) 20 W, (c) 30 W and (d) 40 W.

40 W resulted in larger grain sizes of 132.81 nm and 153.62 nm,
respectively.
Optical studies

Optical transmission. The optical transmission study findings
for all films deposited at 400 °C substrate temperature are
displayed in Fig. 5. The data obtained with a UV-Vis spectrometer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optical transmissions of CuCrO, films deposited with various
copper sputtering powers.

show a clear trend of decreasing optical transmission with
increasing copper sputtering power. The film sputtered with a
copper power of 10 W exhibited the highest optical transmission,
which can be attributed to the presence of Cr,0;, known for its
higher optical transmission.***° In contrast, the film deposited at
40 W copper power demonstrated the lowest optical transmit-
tance, likely due to its high concentration of CuO, which is known
for its low optical transmission.>"* The films deposited at 10 W,
20 W, 30 W, and 40 W sputtering powers had an average optical
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transmission of 60.4%, 57.5%, 49.1%, and 41.2%, respectively.
Similar results have been observed in previous research.’”?%>*
Optical bandgap. The optical bandgap of the post-
deposition annealed CuCrO, thin films deposited at a substrate
temperature of 400 °C was determined using the Tauc plot
technique.> The absorption coefficient () was calculated from

the transmission spectra data employing the following equation:
—2.303
2= () og(7) ®)

where T% represesnts the optical transmission data acquired for
the thin film, and ¢ denotes its thickness. Using the Tauc
equation, the band gap was determined based on the absorption
coefficient.

(ohv) () = B(hv — E,) (3)

where n denotes the sample transition’s nature, hv stands for
photon energy, & stands for Planck’s constant, E, for the optical
bandgap, and B is constant. The value of 7 in the Tauc equation is
a crucial parameter that determines the nature of the transition. It
takes on values of 2 for indirect allowed transitions, 1/2 for direct
allowed transitions, and 3/4 for direct forbidden transitions.>”>®
A direct allowed bandgap transition was confirmed by the best fit
for n = 1/2, aligning with previous studies.>”*® Tauc plots for films
deposited with different sputtering powers are shown in Fig. 6,
with corresponding bandgap values summarized in Table 3.
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Fig. 6 Tauc plot of the films obtained for various copper sputtering powers.
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Table 3 Optical bandgap values of the films obtained for various copper
sputtering powers

Copper sputtering power (W) Bandgap (eV)

10 3.15
20 3.08
30 2.98
40 2.89

As seen in Fig. 6 and summarized in Table 3, the optical
bandgap reduces as copper sputtering power increases. The
film deposited at the lowest copper power of 10 W exhibited the
highest optical bandgap of 3.15 eV. Conversely, the film depos-
ited at 40 W displayed the lowest optical bandgap at 2.89 eV.
The observed reduction in optical bandgap in the corres-
ponding films may be attributed to the fact that Cr,O; is
reported to have a higher bandgap than CuO, which was
observed in these films.?* ®* The single-phase CuCrO, thin film
exhibited an optical bandgap of 3.08 eV, aligning with pre-
viously reported values.®> %’

Electrical studies

Electrical studies were conducted on all the films deposited at
400 °C to see how the variance in copper sputtering power
affected the films electrical resistance. The observed p-type
conductivity in copper-based delafossites, including CuCrO,,
CulnO,, and CuGaO,, is attributed to intrinsic defects within
the copper lattice, such as interstitial oxygen ions and/or
copper vacancies.®®® The hot probe test further verified this,
indicating p-type behavior in all the films.

The film with the highest resistivity, measuring around
726 Q cm, was seen in the film deposited with a copper
sputtering power of 10 W. The high resistivity of the film is
due to the presence of Cr,O; in these films. Cr,0; is a dielectric
material known for its high electrical resistivity.”>”" In contrast,
the film deposited at 20 W demonstrated the lowest resistivity
of 28.6 Q cm. This low resistivity is attributed to the single-
phase property of the delafossite CuCrO, structure, as verified
by the XRD analysis. Among all copper-based delafossites,
CuCrO, shows the lowest resistivity.>® Increasing the sputtering
power to 30 W and 40 W resulted in higher resistivities of
56.2 Q cm and 101.8 Q cm, respectively. This increase is associated
with the formation of a two-phase composition comprising CuO
and CuCrO,, deviating from the single-phase structure. Previous
reports indicate that CuO can exhibit increased resistivity, reaching
up to 10* Q cm at annealing temperatures above 650 °C." However,
the films sputtered with a power of 30 W and 40 showed signifi-
cantly low resistivity, most likely due to the coexistence of the CuO
and CuCrO, phases.

Conclusion

In this work, Cu and Cr targets were successfully used to
deposit single phase delafossite CuCrO, thin films using dual
sputtering technique. By varying copper sputtering power while
maintaining chromium power at 100 W, followed by annealing
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at 800 °C in an N, atmosphere, the morphological, electrical,
structural, and optical properties of the films were investigated
and documented. XRD analysis confirmed the formation of
Cr,0;3rich and CuO-dominant phases at lower and higher
copper sputtering powers, respectively. Optimal conditions for
single-phase CuCrO, were achieved at a copper sputtering
power of 20 W, supported by XPS analysis indicating the
absence of Cu,,. Near-stoichiometric Cu:Cr ratios were
obtained at this power. SEM images revealed an increase in
grain size with higher sputtering power. Optical transmission
studies showed a decrease in transmittance with increasing
copper content. The single-phase CuCrO, film had a bandgap
of 3.08 eV and an average optical transmission of around
57.5%. The film deposited at 20 W had the lowest resistivity
of 28.6 Q cm. This low resistivity highlights its potential as a
promising material for transparent electronics, including thin-
film transistors and diodes.
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