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Abstract: For the first time, the effect of Cuprous Oxide (Cu,O) sputtering power variation on the
radio frequency sputtered Copper Chromium Oxide (CuCrO,) thin films was studied. In this work,
the sputtering power of CrpOs was held constant at 200 W while the sputtering power of the Cu,O
target was varied from 10 to 100 W. The films were subsequently annealed at 650 °C in N, ambiance.
The effects of Cu,O sputtering power variation on the structural, optical, and electrical properties
of the films have been reported in this work. X-ray diffractometer (XRD) study revealed that the
single-phase delafossite structure of CuCrO, was only obtained at CuyO sputtering power of 50 W.
X-ray photoelectron spectroscopy (XPS) analysis further established the results of XRD study where
Cu in 1+ oxidation state was identified in thin films obtained at 50 W of Cu,O sputtering power.
The optical studies were conducted in this work on all the post-deposition annealed films in the
wavelength range of 200-800 nm. The energy dispersive x-ray spectroscopy (EDS) study revealed a
near stoichiometric composition ratio of 1:1.06 of Cu:Cr at% obtained in the films sputtered with 50 W
of CuyO sputtering power. The highest optical transmission of ~81% and the highest optical bandgap
of 3.21 eV were observed for single-phase CuCrO; thin films. The optical transmission and the optical
bandgap were found to decrease with an increase in the CuyO sputtering power. The electrical study
performed on all the post-deposition annealed films revealed that the lowest resistivity of 0.652 (2-cm
was identified for single-phase CuCrO, thin films obtained at 50 W of Cu,0O sputtering power.

Keywords: delafossite CuCrO;; RF sputtered CuCrO,; CuyO power variation; p-type CuCrOy;
CuCrO; thin films; CuCrO; transmission; CuCrO, bandgap; CuCrO; resistivity; CuCrO, XRD;
CuCrO, XPS; CuCrO, EDS

1. Introduction

Transparent Conducting Oxides (TCOs) are a unique class of compounds that combine
the properties of being optically transparent and electrically conductive at the same time [1].
Due to this, TCOs have attracted significant attention in recent years and find applications
in transparent optoelectronic devices, light-emitting diodes, solar cells, and thin film transis-
tors [2—4]. For the aforementioned applications, it is imperative to have p-type and n-type
semiconducting layers. There has previously been a large number of research studies that
have been carried out on discovering materials depicting n-type semiconducting character-
istics at room temperature. Some of them include In,O3 [5-7], Sn-doped In, O3 (ITO) [8-10],
Sc-doped ZnO [11,12], SnO, [13,14], Al-doped ZnO (AZO) [15-17], and CdSnO, [18,19].
However, there has been a lack of research work on p-type TCOs, which is severely restrict-
ing the development of transparent pn-junction-based devices in transparent electronics
applications [20,21]. This is because p-type TCOs have previously been shown to possess
either good optical transparency (>80%) or low electrical resistivity (<1072 Q-cm) [1,2].
P-type TCOs with both the aforementioned properties have been difficult to develop.

The reason for this behavior of p-type TCOs can be attributed to the position of
the valence band level of the metal oxides. The valence band level of metal oxides is

Coatings 2023, 13, 395. https:/ /doi.org/10.3390/ coatings13020395

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13020395
https://doi.org/10.3390/coatings13020395
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-2937-7149
https://orcid.org/0000-0002-1229-3467
https://doi.org/10.3390/coatings13020395
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13020395?type=check_update&version=1

Coatings 2023, 13, 395

20f17

far lower lying than its metal counterpart. Due to this, sufficiently higher energy is
required for the mobilization of holes through the crystal lattice [3]. One solution to
solve this problem is to perform doping [22]. However, the electronegativity of oxygen
has been previously reported to be very high at 3.44. The only element to have higher
electronegativity is fluorine at 3.98 [23,24]. Due to this, the holes are strongly attracted to
the O, ions, further restricting their movement across the lattice. This is the prime reason
for the decreased electrical conductivity observed in p-type TCOs as compared to their
n-type counterpart [25,26].

Hosono et al. proposed the concept of Chemical Modulation of Valence Band (CMVB)
to alleviate this issue [27]. They found that due to the addition of appropriate cations such
as Cu+, the added cation forms a strong covalent bond with the oxygen ions since the
energy difference between Cu 3d'” and O 2p® is very small. During this process, the energy
level of O-2p is raised and the coulombic force of attraction between oxygen ions and
holes is reduced. This reduces the barrier height which ultimately leads to a lower energy
requirement for holes to cross the barrier. The optical transparency of the films is preserved
during this process since the closed shell nature of Cu 3d!” prevents the coloration of the
deposited films [25].

The appropriate cation for this process could include Cu+ or Ag+. However, previous
works in the literature have reported that the electrical resistivity of the films obtained
using Ag+ cation is very high, of the order of 10* to 10® Q-cm [28]. The films obtained with
the addition of Cu+ cation using this technique are called Cu-based delafossites. Reports
indicate that Cu-based delafossites typically exhibit high optical transparency (60%-85%)
along with low electrical resistivity (5 x 1072 to 8 x 1072 Q-cm) [26,29]. Similar results
have been obtained by Saikumar et al. where a dual sputtering approach for CuGaO,
synthesis was employed [20]. The general form of Cu-based delafossites is CuMO,, where
Cu is the positive monovalent cation (Cu+), M = AR*, Cr3*, In3*, Ga®*, Sc3*, and Y3+
(trivalent cation), and oxygen is the divalent anion (O%7) [30]. Among all the Cu-based
delafossites, CuCrO; is a promising material since it shows a valuable trade-off between
optical transparency and electrical conductivity [26,29]. CuCrO, has previously been
synthesized at a low temperature, has good thermal stability in the air, and has room
temperature resistivity of 0.66 ()-cm with an optical transmission of ~60% [26,31,32].

This research work involves the deposition of the delafossite structure of CuCrO,
thin films using the dual-target RF magnetron sputtering technique of Cu,O and Cr,O3
targets. Further, the effect of variation of Cu,O sputtering power from 10 W to 100 W on
the electrical, optical, and structural properties of the films has been investigated for the
first time. The Cr,O; sputtering power was maintained at 200 W. The deposited films
underwent post-deposition annealing at 650 °C in N, ambiance. Single-phase delafossite
structures of p-CuCrO, exhibiting superior electrical and optical properties were obtained
in this work.

2. Experimental Section
2.1. Deposition of CuCrO, Thin Films

The dual target radio frequency (RF) magnetron sputtering technique of the 3” diame-
ter CupO target (99.99% purity, Maideli Advanced Materials Co., Ltd., Jiangyin, China) and
3” diameter Cr,O3 target (99.99% purity, Maideli Advanced Materials Co., Ltd., Jiangyin,
China) was employed for the deposition of 125 nm thick CuCrO; thin films in this work.
The deposition of the films analyzed in this research was carried out using AJA interna-
tional ultra-high vacuum three-gun sputtering equipment. All the film depositions were
carried out on fused quartz substrates. The substrates were cleaned thoroughly using
acetone, methanol, and DI water, and blow-dried with nitrogen gas before film depositions.
Two separate RF sources (13.6 MHz) were used to control the sputtering power of the two
targets used in this research. Ultra-high purity Ar gas at a flow rate of 10 sccm was used
as the sputtering gas. The sputtering power of Cr,O3 was held constant at 200 W while
the sputtering power of the CuyO sputtering target was varied between 10 and 100 W.
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The films obtained with 100 W of Cu,O sputtering power appeared dark after annealing,
subsequently leading to very low transmission. Since the motive behind this research is
to obtain transparent yet conductive thin films, the final sputtering power of 100 W was
chosen for the CuyO target. All the film depositions were carried out only after the chamber
pressure reached 5 x 10~ Torr. Uniform film thickness was ensured by rotating the sub-
strate holder at a constant speed of 20 rpm during deposition. The substrate temperature
was held constant at 400 °C (sputtering tool limit) during all the film depositions. The films
were post-deposition annealed at 650 °C in N (grade: Ultra-High purity) ambiance in a
tube furnace for 4 h. During the annealing process, the N, flow rate was held constant
at 300 sccm. The annealing temperature was decided based on the previous literature
which suggested that the delafossite structure of p-type CuCrO; thin films can be obtained
at a much lower annealing temperature of ~600 °C [33-38]. The deposition parameters
maintained during this research work are listed in Table 1.

Table 1. Deposition parameters maintained during deposition of CuCrO; thin films.

Deposition Parameter Specification
Sputtering gases Ar
Base pressure 5 x 10~ Torr
Deposition pressure 10 mTorr
RF power (CrpO3) 200 W
RF power (Cu,O) 10W,30 W,50 W, 75 W, 100 W
Substrate temperature 400 °C
Sputtering gas flow rate 10 sccm
Thickness of deposited film 125 nm
Annealing temperatures 650 °C
Annealing gas and flow rate N at 300 sccm

2.2. Film Characterization

The deposited film thickness was verified using Veeco Dektak 150 Surface Profiler. To
identify the materials based on the diffraction patterns, XRD analysis was carried out using
the PANalytical Empyrean XRD system (Malvern Panalytical, Westborough, MA, USA),
from a Cu radiation source at 45 kV and 40 mA. The diffraction pattern recorded at 26
angles from 25° to 70° was analyzed using HighScore Plus Software (Malvern Panalytical,
Westborough, MA, USA). The elemental composition of the films and their oxidation states
were analyzed using ESCALAB 250 Xi + X-ray photoelectron spectroscopy (XPS) (Ther-
moFisher Scientific, Waltham, MA, USA) with monochromatic Al K« source (1486.7 eV).
An in-built EX06 ion source was used to perform ion beam milling of the film surface to
remove the surface oxides before XPS analysis. Further, XPS data were analyzed using
Thermo Fischer Scientific Avantage software (v5.9902) to perform elemental composition
analyses, functional group analyses, and XPS peak fitting. The optical transmission of the
films was measured using the Cary 100 UV-Visible Spectrophotometer (Varian Analyti-
cal Instruments, Walnut Creek, CA, USA) at light wavelengths between 200 and 800 nm.
Optical bandgap studies of the films were conducted using the Tauc plot method on the
absorption data. The conductivity type of the post-deposition annealed films was checked
using the hot probe method and four-point probe (Magn-tron Instruments Model M-700).
The resistivity of the post-deposition annealed films was measured by patterning parallel
aluminum (Al) contact pads as shown in Figure 1. To pattern the Al contact pad windows,
a photolithography process was adopted, which was followed by Al metal deposition
using a thermal evaporation process, and removal of photoresist using a lift-off technique.
Using IV characteristics obtained from the Keithley 2450 source meter unit, the resistance
(R) of the thin films was calculated. The resistivity (p) of the thin films was identified using
Equation (1).

A
p=Rx—+ ¢y
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where ‘R’ is the resistance, ‘L’ is the length, and ‘A’ is the area of the cross-section.

X =410 pm

Y =60 um
Z=260pum
X
—>

[ Al [ Al v\Z‘
Al

Quartz ‘T’

CucCrO;

Figure 1. Two-dimensional and three-dimensional representation of Al pads deposited on CuCrO,
thin film used for electrical measurements.

3. Results and Discussion
3.1. XRD Analysis

The XRD diffractograms of the films obtained at various sputtering powers of Cu,O
annealed at 650 °C are shown in Figure 2. The 20 limits in Figure 2 have been adjusted
to omit the amorphous peak of quartz that appeared in all the films between 18 and
25°. Nanocrystalline growth was observed in all the films as clear diffraction peaks were
observed. The crystallization directions of all the diffraction peaks identified from the
XRD analysis of all the samples have been marked in Figure 2. It can be observed from
Figure 2a that at low Cu,O sputtering power of 10 W, only peaks pertaining to Cr,O3 and
CuCr;O4 were observed. As seen in Figure 2b, with a further increase in the sputtering
power to 30 W, the peak intensity of Cr,O3; was reduced, and additional peaks belonging
to the CuCr,O4 phase started emerging. By looking at the intensity of the peaks obtained
in the XRD diffractograms of the films shown in Figure 2a,b, we can comparatively say
that the films obtained with 10 W of Cu,O sputtering power are Cr,Oj3 richer as compared
to the films obtained with 30 W of Cu,O sputtering power. The aforementioned dual
phase nature of films disappeared as the sputtering power was increased to 50 W. Single
phase delafossite structure of CuCrO; was obtained at 50 W of Cu,O sputtering power,
which can be confirmed from Figure 2c. The diffraction peaks identified as CuCrO; in
this film indexed well to delafossite CuCrO, (ICDD: 98-016-3253) structure. The major
diffraction peaks identified at 20 angles of 31.343°, 35.186°, 36.377°, 40.845°, 55.812°, 62.353°,
and 65.419° were indexed to (006), (101), (012), (104), (018), (110), and (1010) of CuCrO,,
respectively. The delafossite structure of CuCrO, is comprised of two structural polytype
space groups, 2H-R3m and 3R-P63/mmc. The diffraction pattern obtained in this research
work for 50 W of Cu,O sputtering power indexed well to 2H-R3m space group. Similar
diffraction peaks corresponding to the delafossite structure of CuCrO, were obtained by
Ahmadi et al. [39]. The additive reaction that governs the formation of CuCrO, is shown in
Equation (2) [40,41].

CuZO(S) + CI‘203(S) — ZCUCI‘OZ(S) (2)

From Figure 2d,e, it can be noticed that as the CuyO sputtering power is increased
further to 75 W and 100 W, the single-phase nature of the films gets transformed into
two-phase structures. This is accompanied by the appearance of the CuO phase along with
the presence of the CuCrO, phase. At 75 W of Cu,O sputtering power, the smaller intensity
peaks corresponding to the CuCrO; delafossite phase observed in Figure 2c completely
disappear, leaving only two high intensity CuCrO, peaks seen in Figure 2d. On comparing
Figure 2d,e, stronger peaks corresponding to the CuO phase were observed at 100 W of
Cu,0O sputtering power as compared to results obtained for 75 W. This indicated that as the
CuyO sputtering power was increased from 10 to 100 W, there is a gradual shift from the
films being Cr,Os rich to eventually being CuO phase rich. Hence, it is safe to conclude
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that at the CupO sputtering power of 50 W, a single-phase delafossite structure of CuCrO,
thin films was obtained and no peaks of CuO, Cr,0O3, or CuCr,O4 were observed. Table 2
shows the relationship between the Cu,O sputtering powers and the phases identified at

each of them.
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Figure 2. XRD diffractograms of the films obtained after post-deposition annealing at 650 °C at Cu,O
sputtering powers of (a) 10 W, (b) 30 W, () 50 W, (d) 75 W, and (e) 100 W.
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Table 2. Phases identified through XRD analysis in the films sputtered with different Cu,O sputter-

ing power.
Cu, O Sputtering Power (W) Phases Identified
10 CI‘203 + CuCr204
30 CI'203 + CuCI’zO4
50 CuCrO, (delafossite)
75 CuCrO, + CuO
100 CuCrO; + CuO

3.2. XPS Analysis

The XPS survey spectra of CuCrO, thin films are shown in Figure 3a. From the survey
spectrum, it can be confirmed that only peaks pertaining to Cu, Cr, and O were identified.
The individual Cu-2p, Cr-2p, and O-1s core level spectra for the different CuyO sputtering
powers have been resolved and are shown in Figure 3b—f. It is important to note that
copper in copper chromium oxide thin films mainly exists in two oxidation states of 1+ and
2+. Previous research has shown that the oxidation state of copper is 1+ for the CuCrO,
(delafossite structure) phase and it exists in the 2+ oxidation state for CuCr,O4 (spinal
structure) phase [40-43]. The Cu!* species can be distinguished from the Cu?* species
through the identification of satellite peaks in the Cu-2p core level spectrum. In the Cu-2p
core level spectrum, the Cu-doublet comprising Cu 2p;/; and Cu 2pj3, are classified as
the main peaks of Cu. Apart from the main peaks, in the case of Cu®* species, satellite
peaks (shake-up satellite features) corresponding to the main peaks are observed at a
higher energy level than the main peaks [44]. The absence of satellite peaks in the case
of Cul* species is its distinguishing feature [43,45-47]. The reason for this behavior has
been previously attributed to the metal-ligand charge transfer that takes place during
the photoemission process [48]. In addition to this, the presence of Cu!* species in the
film can be confirmed by the presence of Cu Auger peak (Cu LMM) in the same range
of energies of the Cr core level XPS spectrum. The Cu LMM peak would be absent for
the films signifying the presence of Cu?* species [41]. Using the core level spectrums, the
oxidation states, binding energies, peak positions, satellite peak positions, Full-Width Half
Maximum (FWHM), and the spin-orbit split energy between the main peaks of the elements
are elucidated in Table 3. The description listed henceforth in this section would majorly
encompass the key differences that were observed between the core level spectra of the
films obtained by varying the Cu,O sputtering power.

From Figure 3(bi), it can be observed that the Cu content in the films sputtered with
10 W of CupO sputtering power was not enough to be detected through XPS analysis. This
is contrary to the results obtained through XRD analysis, where CuCr,O4 phases were
observed. A possible reason for this observation can be attributed to the fact that XPS is a
surface analysis technique while XRD is a bulk analysis technique. Hence, XRD analysis
was able to identify the CuCr,Oy4 phase present in the bulk of the film while XPS could
not detect any Cu presence on the surface. The main peaks of Cu-2p doublet are Cu 2p3,,
and Cu 2p;/, (marked by peaks 1 and 2 in Figure 3(bi—fi)). With the increase in the Cu,O
sputtering power to 30 W, Cu 2p3,, and Cu 2p, /, peaks started showing up clearly in the
Cu-2p core level spectrum. However, weak but detectable satellite peaks corresponding
to the Cu-2p doublet are also observed at a higher energy level compared to their main
peaks. This observation can be seen in Figure 3(ci). This confirmed the presence of Cu?*
species in the film sputtered with 30 W of CuyO sputtering power. This further corroborates
with our findings of XRD analysis where only the CuCr,O4 phase was observed in which
Cu has been previously reported to be in a 2+ oxidation state [49,50]. In Figure 3(di), the
satellite peaks completely disappear for the film obtained at 50 W of Cu,O sputtering
power. This is due to the identification of a single-phase CuCrO, delafossite structure
through XRD analysis in this film. Similar disappearance of satellite peaks in single-phase
CuCrO; thin films have been reported previously [51,52]. Hence Cu can be confirmed to be
in a 1+ oxidation state in the film obtained with 50 W of Cu,O sputtering power and the
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successful formation of a single-phase CuCrO, delafossite structure in the film. Looking
at Figure 3(ei,fi), it can be noticed that as the Cu,O sputtering power is increased further
to 75 W and 100 W, satellite peaks corresponding to the Cu-2p doublet start to emerge
again and the single-phase structure of CuCrO, disintegrates. The reason for this can be
attributed to the identification of CuO phases. This leads to the confirmation that Cu is
present in a 2+ oxidation state as well in the films sputtered with 75 W and 100 W of Cu,O

sputtering power.
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Figure 3. (a) XPS survey spectrum, (i) Cu-2p core level spectrum, (ii) Cr-2p core level spectrum,
(iii) O-1s core level spectrum of thin films sputtered with (b) 10 W, (c) 30 W, (d) 50 W, (e) 75 W,
(f) 100W of Cu,O sputtering power.

Table 3. Full-Width Half Maximum (FWHM), peak positions, satellite peak positions, and their
respective binding energy of the films under study.

Cu, O Sputtering s Binding Energy Spin-Orbit Split Satellite Peak FWHM (eV) of
Power Peak Oxidation State (eV) Energy (eV) (eV) Main Peaks
Cu 2p3/2 Cu®* - - - -
Cu?2 Cu?* - - - -
10W P12
Cr2p3,2 Cr3* 576.37 eV - 3.55eV
Acrap = 9.4 eV
Cr2p1 Crd* 585.77 eV Cr2p =7%¢€ - 331eV
Cu 2p3), Cu2* 932.27 eV gg;g; Eg 1.88eV
ACu-Zp =19.6 eV .
30W Cu 2p1/2 Cu?* 951.87 eV 960.70 eV 142 eV
Cr2p3,2 Cr* 576.27 eV - 4.80 eV
Acrap =9.7 eV
Cr2p1 ) Cr* 585.97 eV Cr2p =77 € . 341eV
Cu2p3/n Cul* 932.27 eV - 1.76 eV
Acuop =19.7 eV
Cu2p1,2 Cul* 951.97 eV CuZp € - 1.68 eV
50w Cr 2p3,» Cr3+ 576.17 eV - 2.74 eV
Acrap = 9.6 eV
Cr2p1 Crd* 585.77 eV Cr2p =75 ¢€ - 357 eV
CuLMM Cul* 569.92 eV - - 1.82eV
Cu 2ps)» Cu2* 931.97 eV gigg; Eg 1.57 eV
ACu-Zp =19.6 eV .
5w Cu 2p1/2 Cu?* 951.77 eV 960.72 eV 1.50 eV
Cr 2p3/2 Cr3* 575.77 eV - 2.80 eV
Acrap =9.7 eV
Cr2p1 ) Cré 585.47 eV Cr2p =70 € - 273 eV
CuLMM Cul* 568.07 eV - - 1.95eV
Cu2ps)» Cu 932.39 eV Zigig 2\\; 3.93 eV
Acuzp =19.88 eV :
Cu2p1,2 Cu2* 952.27 eV 961.00 eV 1.88 eV
100 W Cr 2p32 Cr3+ 575.83 eV - 2.85eV
Cr2p3,2 Cr3* 578.67 eV Acr2p =10.04 eV - 3.75 eV
Cr2p1» Cr3* 585.87 eV - 1.86 eV

CuLMM Cul* 568.05 eV - - 2.63 eV
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Analysis of the Cr-2p core level spectrum of the films obtained at varying Cu,O
sputtering power was conducted using the results shown in Figure 3(biifii). All the films
analyzed in this study showed Cr-2p doublet (Cr 2p;/; and Cr 2p3,,) (marked by peaks 1
and 2 in Figure 3(bii—fii)) at the binding energies listed in Table 3. Looking at Figure 3(bii)
and Figure 3(cii), an important observation can be made in the Cr-2p spectrums of the films.
At lower CuyO sputtering powers of 10 W and 30 W, no Cu LMM peak was observed. As
mentioned before, the presence of Cu LMM peak signifies the presence of Cu 1+ species
in the film. This leads to the deduction that no Cu 1+ species are present in the films
sputtered with 10 W and 30 W of CuyO. Our XRD results were in agreement with the
results stated previously, which indicated the presence of only the CuCr,O, phase. With
the increase in the Cu,0 sputtering power above 30 W, it can be noticed that the Cu LMM
peak started showing up in the Cr-2p core level spectrums of the respective films shown
in Figure 3(dii—fii). This observation signified the presence of Cu 1+ species in these films,
which corroborated with the XRD results of these films that identified the presence of
CuCrO; phase in the film at CuyO sputtering powers above 30 W. In addition to the main
peaks of Cr-2p discussed above, only the film sputtered with Cu,O sputtering power of
100 W shows an additional peak at 578.67 eV which corresponds to Cr (III) oxide [53,54].
However, it is important to note that only the film sputtered with 50 W of Cu,O sputtering
power showed the presence of Cu in the 1+ oxidation state. Moreover, from XPS analysis, it
can be safely said that Cr exists in a 3+ oxidation state in all the analyzed films. This leads
to the interpretation of the presence of a single-phase delafossite structure of CuCrO; in
the film sputtered with 50 W of Cu,O sputtering power.

The core level spectrum of O-1s obtained at different Cu,O sputtering power is shown
in Figure 3(biiifiii). All the films analyzed showed two peaks that have been resolved.
The peak at the lower energy level can be attributed to the lattice oxygen while the peak at
the higher energy level can be attributed to the chemisorbed oxygen in the films (marked
by peaks 1 and 2 in Figure 3(biii-fiii) [41,55,56]. It is safe to conclude with the help of
XRD analysis and XPS results that a single-phase CuCrO, delafossite structure can be
synthesized at a Cu,O sputtering power of 50 W.

A comparison between the FWHM of the O-1s peaks of the films studied in this
research is shown in Figure 4, through which an important observation can be made. It
can be seen that for the film sputtered with 10 W of Cu,O, the FWHM of O-1s spectra
was obtained as 1.04 eV. The FWHM of the O-1s peak suddenly rises to 1.70 eV for the
films sputtered with 30 W of Cuy0. A possible explanation can be made by correlating the
FWHM values with the XRD results obtained in this research. At 10 W of Cu,0O sputtering
power, sharp and high intensity peaks of Cr,O3 were observed and very small intensity
peaks of CuCr,O4 were identified. As the sputtering power was increased to 30 W, the
intensity of Cr,O3 peaks decreased and more peaks relating to CuCr,O4 were observed.
As a result of change in the number of chemical bonds, an initial increase in the FWHM
of the O-1s peak was observed. The occurrence of phase-pure CuCrO; at 50 W of Cu,O
sputtering power caused the FWHM of O-1s to drop to 1.26 eV. It can be noticed from
Figure 4 that with the occurrence of delafossite structure of CuCrO; in the films, the FWHM
of O-1s peak started dropping from a peak value of 1.70 eV. With further increase in the
Cu, O sputtering power, highly intense and sharp peaks corresponding to CuCrO, were
identified in the XRD diffractograms. These factors may have possibly led to further drop
in the FWHM of O-1s peak as seen in Figure 4.

3.3. EDS Study

EDS incorporated in the FESEM tool was used to obtain the Cu:Cr at% ratio of all
the samples studied in this research. The comparison between the Cu:Cr at% ratio of all
the post-deposition annealed samples is listed in Table 4. At 10 W of Cu,O sputtering
power, the Cu:Cr ratio was obtained as 1:5.55. As the Cu,O sputtering power was increased
to 100 W, the Cu:Cr ratio changed to 1:0.35. As expected, with the increase in the Cu,O
sputtering power, higher content of Cu was identified in the film. The films transformed
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from being CrpOj3 rich at 5 W of Cu,O sputtering power to being Cu rich at 100 W of CuO
sputtering power. The single phase CuCrO; thin films obtained at 50 W of Cu,O sputtering
power exhibited a near stoichiometric Cu:Cr at% ratio of 1:1.06. This result correlated
well with the XRD and XPS results where single-phase delafossite nature of CuCrO, was
identified at 50 W of Cu,O sputtering power.
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Figure 4. Variation of FWHM of O-1s core level spectra with varying Cu,O sputtering powers.

Table 4. Cu:Cr at% ratio comparison of films obtained with different Cu, O sputtering powers.

Cu,O Sputtering Powers (W) Cu:Cr at% Ratio

10 1:5.55
30 1:2.40
50 1:1.06
75 1:0.64
100 1:0.35

3.4. Optical Studies
3.4.1. Optical Transmission

The optical transmission studies were conducted on all the post-deposition annealed
films using a UV-Visible spectrophotometer for the wavelength range of 200-800 nm. The
deposition of thin films in this research work was conducted on quartz substrates. It is
important to note that the results of XRD analysis and the structural changes in the films
play a significant role in the transmission data of the films. From Figure 5, it can be seen that
when the Cu,O sputtering power is increased, the optical transmission shows a downward
trend. The highest optical transmission was obtained for the films deposited with the
lowest CuyO sputtering power of 10 W. This is possibly due to the films being Cr,O3
phase rich as indicated through XPS and XRD results. Additionally, Cr,Oj3 thin films have
been previously reported to have a high optical transmission [57-61]. The lowest optical
transmission was obtained for the films deposited with 100 W of Cu,O sputtering power,
possibly due to the films being CuO phase rich. The optical transmission of the films gets
negatively affected due to the higher sputtering power of Cu,O as the presence of the CuO
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phase in the film has been previously reported to lower the overall optical transmission of
the film [62-64]. The highest optical transmission of the single-phase CuCrO; thin films
was identified to be ~81% at 700 nm wavelength obtained for film sputtered with 50 W of
CuO sputtering power.

100
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— 75W
§ 1/— 100W
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Figure 5. Optical transmission of the films deposited with varying Cu,O sputtering powers.

3.4.2. Optical Bandgap

The optical transmission data were used to calculate the optical bandgap of the films
deposited with varying Cu,O sputtering powers using the Tauc plot method [65]. The
absorption coefficient of the films was calculated using the relation,

o= —2’?;03 *logy(%T) 3)

where ‘t’ is the thickness and ‘%T” is the optical transmission data obtained for the thin
film. The band gap was calculated from the absorption coefficient using the Tauc equation,

(ahv)) = B(hw — Ey) @)

where hv is the photon energy, and ‘n” denotes the nature of sample transition. It has
been reported previously that the value of n equals 1/2, 2, and 3/2 for direct allowed,
indirect allowed, and direct-forbidden transitions, respectively [65-67]. However, the films
deposited in this research exhibit direct bandgap transition, since the best linear fit of the
(ahv) /™ versus the photon energy curve was obtained for 1 = 1/2. The Tauc plot thus
obtained for the films sputtered at different CuyO sputtering powers is shown in Figure 6.

The optical bandgap of the films can be obtained from the Tauc plot by extending
the linear portion of the curve to the x-axis. The optical bandgap of the films obtained for
various Cu,0O sputtering powers is summarized in Table 5.
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Figure 6. Tauc plot of the films deposited at various Cu,O sputtering powers.

Table 5. Optical bandgap values of the films obtained at various Cu,O sputtering powers.

Cu,O Sputtering Powers (W) Bandgap (eV)
10 3.62
30 3.46
50 3.21
75 3.16
100 3.00

It can be seen from Table 5 that with increasing Cu,O sputtering powers, the optical
bandgap of the films increases. The highest bandgap of 3.62 eV was obtained for the film
deposited with 10W of Cu,O sputtering power. With further increase in the sputtering
power, the optical bandgap of the film decreased to a minimum value of 3.00 eV obtained
for 100 W of Cup O sputtering power. This decrease in the optical bandgap can be attributed
to the appearance of the CuO phase in the film. At lower sputtering powers of Cu,0O, the
films are Cr,Oj3 phase rich. Due to this, the optical bandgap of the films obtained at lower
Cu, 0O sputtering powers was high. It has been previously reported that the optical bandgap
of Cr,Oj3 thin films is close to the value of 3.62 eV obtained in this work [57-61]. As the
Cu,O sputtering power was increased, the films transitioned from being Cr,O3 phase
rich to being CuO phase rich. CuO has a lower optical bandgap of 1.98-2.43 eV [68,69].
However, due to the presence of the CuCrO; phase in the film, the optical bandgap of the
resultant film increased. The optical bandgap of single-phase CuCrO, thin films obtained
in this work is 3.21 eV which correlated well with the values previously reported in the
literature [33,41,70-74].

3.5. Electrical Studies

Electrical studies were performed on all the films in this research to study the variation
of electrical resistivities of the films with the variation of Cu,O sputtering power. The
p-type conductivity of the films sputtered at Cu,O sputtering power of 50 W and higher
was verified with the help of the hot probe method and a four-point probe. This behavior
can be attributed to the presence of the CuCrO; phase in the aforementioned films. The film
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deposited with 10 W of Cu,O sputtering power shows the highest resistivity of 27.64 KQ)-
cm. The reason for this high resistivity can be potentially due to the film being Cr,O3 phase
rich. Cr,Os3, being a dielectric material, has been reported to show a very high electrical
resistivity, to the order of several KQ) [58,75,76]. As the Cu,O sputtering power increased
to 30 W, the CrpO3 content in the film dropped, which is evident from the peak intensity of
XRD diffractograms. This resulted in 151.99 O)-cm of electrical resistivity observed for 30 W
of Cu,O sputtering power. The lowest electrical resistivity of 0.652 (2-cm was obtained for
the film deposited with 50 W of Cu,0O sputtering power. The reason for the low resistivity
in this film can be attributed to the identification of the single-phase delafossite nature of
CuCrO; through XPS and XRD analysis. With the increase in Cu,O sputtering power to
75 W and 100 W, the electrical resistivity starts to climb and reaches a value of 1.03 ()-cm
and 114.12 O-cm. This is possibly due to the disintegration of the single-phase nature
of CuCrO, film to a two-phase structure with the appearance of the CuO phase in the
films along with the presence of the CuCrO, phase. CuO has been previously reported to
display an increased resistivity to the order of 10* Q-cm at a higher annealing temperature
of 650 °C [1]. However, the resistivity obtained in this research work for the films sputtered
with 75 W and 100 W of Cu,0 is comparatively lower due to the presence of the CuCrO,
phase along with the CuO phase. Previously reported resistivity values for phase-pure
CuCrO, thin films are close to 0.652 ()-cm value obtained in this research [32,47,77]. A “V”
shaped curve, as shown in Figure 7, was obtained when the trend of electrical resistivity
was studied for variation in Cu,O sputtering power.
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Figure 7. Variation of electrical resistivity with changes in CuyO sputtering powers.

4. Conclusions

In this research work, CuCrO; thin films were successfully synthesized using the
RF magnetron sputtering technique of Cu,O and Cr,O3 targets. The films thus obtained
were post-deposition annealed at 650 °C in N, ambiance. Through this work, it was found
that the variation in the Cu,O sputtering power played a key role in the electrical, optical,
and structural properties of the films. XRD analysis confirmed that the single-phase
delafossite nature of CuCrO, films is only obtained at 50 W of Cu,O sputtering power.
Sputtering at higher or lower powers resulted in the formation of films with a two-phase
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structure. Distinctive differences between the core level spectrums of Cu-2p and Cr-2p
were observed through XPS analysis as the Cu,O sputtering power was varied. Cu
LMM Auger peak was observed in the films identified with the CuCrO, phase. With the
appearance of CuO and CuCr,O4 phases in the film, satellite peaks were observed in the
Cu-2p core level spectra of the respective films. However, only films sputtered with 50 W
of CuyO power showed Cu LMM Auger peak and no satellite peak presence in the Cu-2p
core level spectrum. The formation of single-phase delafossite structure of CuCrO, was
further confirmed from the results of EDS study that revealed a near stoichiometric ratio
of 1:1.06 for Cu:Ga at% at 50 W of Cu,O sputtering power. The optical studies revealed
that the optical transmission and optical bandgap showed a downward trend as the Cu,O
sputtering power was increased. An optical transmission of ~ 81% at 700 nm wavelength
and an optical bandgap of 3.21 eV were obtained for the single-phase CuCrO; thin film.
The lowest resistivity value of 0.652 ()-cm was obtained for the film deposited with 50 W
of Cu;0 sputtering power. Hence, it can be concluded that 50 W of Cu,O sputtering
power was necessary for this research work to obtain the phase pure delafossite structure
of CuCrO; thin film. The low electrical resistivity value obtained for single-phase CuCrO,
thin film in this research work makes it an ideal candidate for use as an active material in
transparent electronic devices such as thin-film diodes and transistors.
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