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The Effect of Transient Power Ramp-Up on Structural and
Optical Properties of CuO Thin Films Prepared by Radio
Frequency Magnetron Sputtering

Cyril C. F. Kumachang, Daniel I. Amune, Ivy M. Asuo, Dahiru Sanni,
Yusuf A. Olanrewaju, Nicole Doumit, Richard Koech, Vitalis Anye, Esidor Ntsoenzok,
and Nutifafa Y. Doumon*

1. Introduction

The search for better techniques and mate-
rials for efficient and stable perovskite
optoelectronic and photovoltaic devices
has resulted in the development of oxide
materials based on transition metals for
use as the charge transport layer and trans-
parent conducting oxides in perovskite
solar cell fabrication. The preparation of
thin metal oxide films has been achieved
using several methods.[1] These methods
include 1) chemical solution deposition[2,3]

such as sol–gel method,[4–7] spray
pyrolysis[6] metal–organic decomposition,
chelation, polymer-assisted deposition,
and hydrothermal methods; 2) Physical
vapor deposition[2] such as sputtering,[8–14]

evaporation,[15] and molecular beam
epitaxy;[2] and 3) chemical vapor deposition
(CVD) including atomic layer deposition,
atmospheric pressure CVD, plasma-
enhanced CVD, and so on. Sputter

deposition is a mature method widely used in the electronics
industry to deposit thin films. Many researchers have used this
technique to deposit thin films of electron transport materials,

Transition metal oxides have found application as charge transport materials
(CTMs) in perovskite solar cell devices due to their better environmental stability
and superior electronic properties compared to organic CTMs. Many researchers
have used radio frequency (RF) magnetron sputtering to deposit inorganic CTMs
on inorganic layers. However, such efforts on perovskites have been limited by
the distortion of high-energy ions of the sputtering gas energized by the RF power
and temperature. The ions may also distort the interface between transparent
conducting oxides and the charge transport layers, thereby increasing optical
scattering. Thus, the effect of ramp power during RF magnetron sputtering
deposition on the structural and optical properties of copper oxide thin films
is investigated. While the optical transmittance of the films decreases with
increased RF power, it remains the same for all ramped power films; however, it
has a similar profile as the highest RF power film. As the ramp power increases,
the X-ray diffraction shows that the films become more polycrystalline with a
monoclinic crystal structure. The energy-dispersive X-ray spectroscopy results
reveal that the atomic concentration of copper slightly increases with the RF
power, whereas oxygen concentration slightly decreases.
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hole transport materials, and even perovskite absorbers.[16]

It has also been used to deposit electron transport material
directly on the perovskite absorber.[17] This technique has the
advantage of low-temperature deposition, making it suitable
for flexible device fabrication. It is also used to deposit thin films
free of uncontrolled impurities due to the high vacuum process.
Furthermore, the properties of the films can be easily and repeat-
edly tuned due to well-controlled deposition parameters.

Due to the hygroscopic nature of additive salt used to increase
the conductivity of organic hole transport materials in perovskite
solar cells, there is a continuous quest to fabricate highly stable
perovskite solar cells. Thus, researchers are considering fabricat-
ing perovskite solar cells using inorganic materials, as they have
been reported to be more stable than their organic counterparts.
However, most solvents used in depositing inorganic charge
transport layers partly wash off the perovskite layer.[17]

Subbiah et al. have utilized the radio frequency (RF) magnetron
sputtering technique to deposit a zinc oxide charge transport
layer (CTL) atop a formamidinium lead bromide absorber
layer.[17] However, the high-energy gas ions tend to damage
the structure of the underlying perovskite surface, leading to
poor efficiency. The destruction may be attributed to the initial
high-energy ions arriving at the surface of the layer, energized by
relatively high RF power. Moreover, distortion of the interface
between TCO and CTL may also be attributed to these high-
energy ions, leading to increased optical scattering. Therefore,
optimizing the interface between the TCO and CTL is pertinent
to improving the optical properties of these layers. Thus, we
investigate the effect of RF power ramp on the structural and
optical properties of copper oxide (CuO) thin films. While the
compositional grading during RF magnetron sputtering has
been investigated,[18] to the best of our knowledge, there is no
report on the effect of power ramp on the structure and proper-
ties of CuO thin films. Thus, in this article, we studied the effect
of ramp power during RF magnetron sputtering deposition on
the structural and optical properties of CuO thin films for possi-
bly perovskite solar cell applications.

2. Results and Discussion

The schematic of the power ramp procedure and pictures of all
deposited CuO films are shown in Figure S1 and S2, Supporting
Information, respectively. For samples deposited at 60, 80, 100,
and 120W, we observed a transition from a light brown color for
the 60W deposited films to a darkish color for the 120W depos-
ited films, suggesting an increase in CuO films density and

thickness. However, all ramped-up power films show a similar
dark color, indicating that this set of films may exhibit similar
density and physical properties. The thicknesses of the films
were determined using cross-sectional scanning electron
microscopy (SEM) imaging as shown in Figure S3c, Supporting
Information, obtained from the SEM cross-sectional images and
Bruker DektakXT Stylus profilometer. The measured average
thicknesses for the ungraded films with RF power 60, 80, 100,
and 120W were found to be 67.8� 4.2, 83.1� 3.9, 101.3� 5.7,
and 192� 8 nm, respectively, in agreement with the change in
color observed in Figure S2, Supporting Information. While
the thicknesses for the graded films with RF power were similar
to or higher than the ungraded CuO films deposited at 120W,
they recorded average thicknesses of 178.6� 3.2, 233.7� 7.2,
198� 12, and 234.1� 3.3 nm, respectively.

The structural properties and morphology of the films were
studied using X-ray diffraction (XRD), SEM, and energy-
dispersive X-ray spectroscopy (EDS). The crystallographic struc-
ture was studied using the Malvern Panalytical Empyrean III
X-ray diffractometer with Cu Kα (k= 1.5418 Å) radiation for
2θ values in the 20–70 degrees range. The XRD patterns of
the CuO thin films deposited under different RF powers and
ramped powers are shown in Figure 1. The peaks at 2-theta
34.8° and 37.5° are attributed to the (111) and (111) planes,
respectively, of monoclinic crystal family of CuO according to
the Joint Committee for Powder Diffraction Standards (JCPDS
file no. 01-089-2531) data for CuO, thus indicating a monoclinic
structure of the deposited CuO thin films with preferred (111)
and (111) crystallographic orientations, as also observed in
ref. [19]. The results reveal that as the RF power increases, there
is an enhancement of the polycrystalline structure, with the poly-
crystalline films having a monoclinic crystal structure with the
main CuO (111) and (111) orientations[20] with higher intensity
of the diffraction peaks at approximately 34.8° and 37.5°.

Figure 2a shows the full width half maximum (FWHM) of the
CuO (111) diffraction peaks at 60, 80, 100, and 120W with values
of 0.288°, 0.276°, 0.271°, and 0.579°, respectively (see Table S1,
Supporting Information). These results indicate that increased
RF power enhanced the intensity of the crystalline phase.
Thus, with more crystalline area under the curve, the increase
in RF power resulted in increased crystallinity. The observed
effect of increased RF power is insignificant during ramping
up power, as shown in Figure 2b and Table S2, Supporting
Information, where the FWHM of the ramped RF power R_1,
R_5, R_10, and R_20W deposited films are found to be in
the same range and similar to that of the film deposited at
120W. The obtained FWHM values are 0.480°, 0.506°, 0.449°,
and 0.509°: This means that the ramped samples indicate overall
better crystallinity. However, increasing sputtering power as the
deposition progresses can increase the variation in energy of
sputtered atoms. This leads to an increased interruption in
the arrangements of the sputtered atoms. This effect is more sig-
nificant at a higher power ramp rate, as observed in Figure 2b.
While all the ramped films show a small peak (110) at around
2-theta 32.5° compared to the absolute power deposited films,
the films at 20W power ramp show an extra mild peak (220)
at around 2-theta 68°. Thus, power ramping during the sputter
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deposition can be used as a tool to control the crystallinity of the
deposited film.

It is possible to control the structure of films deposited by con-
trolling the deposition techniques. This agrees with previous
reports on inorganic films deposited using RF sputtering.
Crystalline film formation typically requires high-temperature
annealing. However, from the XRD results in Figure 1, we found
that a ramped RF power room temperature deposition technique
can provide an alternative to high-temperature crystalline film
formation.

The crystallite sizes of the films are shown in Figure 2,
Table S1 and S2, Supporting Information. The crystallite sizes

were obtained by considering the most intense peaks and using
the Scherrer equation:[21]

D ¼ K
λ

βcosθ
(1)

where λ is the wavelength of the X-ray radiation, K is a constant
taken as 0.9, θ is the diffraction angle, and β is the FWHM.
We observed an increased average grain/crystallite size with
increased Cu incorporation for RF power from 60 to 100W
RF power with a decrease at 120W. A similar observation was
made by Ajee et al.[22] for increased temperature of CuO thin

Figure 1. XRD diffraction pattern of CuO thin films deposited by RF magnetron sputtering a) without power ramp and b) with power ramp.

Figure 2. Crystallite sizes and the FWHM values of the CuO deposited thin films a) without power ramp (Blue and Black colors respectively) and b) with
power ramp (red and black colors, respectively).
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film. We attributed this increase to probable combined effects of
increased Cu atoms, increased growth rate, and reorientation.
This agrees with the EDS results shown in Figure 4. It has been
reported that an increase in grain/crystal size is associated with
increased RF power due to the high kinetic energy of sputtered
atoms arriving on a substrate from a sputtering target and
enhanced nuclear growth.[23]

To investigate the nanostructure surface morphology of the
CuO films, we used the Zeiss Gemini 500 (G500) field emission
scanning electron microscope (FE-SEM) to image the CuO films.
Figure 3 shows the 200 nm scale SEM images with the red and
blue panels highlighting the films deposited without and with
power ramping, respectively. Similar images for the films taken
at 1 μm scale are shown in Figure S4, Supporting Information.
Compared to the SEM image of bare glass in Figure S3a,b,
Supporting Information, a homogenous CuO grain size distribu-
tion is seen in the micrographs. We can observe a fully consistent
uniform surface coverage of the glass with more compact CuO
films in full contact with the glass substrate, as seen in the cross-
sectional image in Figure S3c, Supporting Information. The
granular nature of the films confirms the polycrystalline nature
of the CuO films, as predicted by the XRD results. The deposited
films with power ramping in Figure 3 (blue panel) appear to have
the same denser and smaller CuO crystal grains similar to the
dense 120W deposited films, and a better surface morphology
coverage in contrast to the images of the 60, 80, and 100W
deposited CuO films in Figure 3 (red panel). The power ramp
deposition films exhibited similar roughness with an average
root-mean-square roughness, rms of 0.7� 0.1 nm compared to
0.5 � 0.1 nm for the rest of the films. This assertion is very
noticeable when the 60 and 120W micrographs are compared.
Indeed, this agrees with the XRD results suggesting that the crys-
tallinity and grain growth of CuO films on glass substrate
strongly depends on the deposition technique and RF power.

To understand the elemental composition and distribution of
the films on the glass substrate, an Oxford UltimMax 100 sensor
configured on the SEM instrument was used for EDS measure-
ment. The EDS spectra in Figure 4 confirm that our film was
majorly made up of Cu and O. Table S3–S6, Supporting
Information, show the atomic and weight percentages of the

constituent elements. The copper and oxygen peaks confirm
the formation of CuO in agreement with the XRD results,
whereas the sharp peaks related to Cu and O confirm the signifi-
cant CuO loading at the surface of the glass substrate. EDS map-
ping revealed a good degree of homogeneity in the distribution of
the different elements of the thin film on the glass, as shown in
Figure S5 and S6, Supporting Information. Notwithstanding
defect chemistry of nonstoichiometric compounds and solid sol-
utions should be determined through careful measurements of
lattice constants, densities, and conductivity dependence on
atmosphere, Ohya et al.[24] speculated that as oxide crystals
usually cannot accommodate a large interstitial oxide ion, the
nonstoichiometric of p-type CuO is expected to be cation deficient
for doped CuO. The defects equation is shown as follows:[24]

2CuOþ 1
2
O2 ⇆ 2Cu0Cu þ V

00
Cu þ 3OO (2)

Cu0Cu ⇆ 2CuXCu þ P
0

(3)

Figure 4a,b shows that as the RF power increases, the atomic con-
centration of the copper increases from 46% to 48%. The percent-
age of oxygen atoms reduced as RF increased to 120W from 54%
to 52%. These could be related to the knocking-off of copper
atoms from their lattice position, which created copper vacancies
responsible for the p-type character of CuO. Researchers have
reported that the CuO deposition procedures and postdeposition
treatment can result in a transition in the material conductivity
from p- to n-type due to oxygen vacancies introduced at high
temperatures.[25,26] Researchers have mademany attempts to con-
vert CuO, a well-known p-type semiconductor, into an n-type
semiconductor, including doping and annealing.[26] In
Figure 4b, the reduction in the peak intensity at 0.5 KeV indicates
oxygen depletion at higher RF power, thus suggesting a possible
transition from p- to n-type conductivity of CuO.[26] This is a
subject for further investigation. Depending on the deposition
procedures, CuO can possess combined n- and p-type semicon-
ducting characteristics, and the conductivity can change from
p- to n-type.[27] This property is undesirable in solar cell applica-
tions as it could increase charge carrier recombination.[28]

Figure 3. SEM Images of CuO thin films deposited by RF magnetron sputtering without power ramp (red panel) and with power ramp (blue panel) taken
at 200 nm magnification.
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The EDS spectra for the rampingmethod in Figure 4c,d appear to
be a similar trend, but minute changes in the atomic concentra-
tion of the copper (increase from 47% to 48%) and oxygen
(reduction from 53% to 52%) concentration. This suggests that
with the ramping method of deposition, we can achieve almost
negligible to no change in the atomic concentration of Cu and
O in the CuO films, regardless of the thickness of the deposited
films.

Next, we investigated the optical properties of the deposited
CuO thin films using the PerkinElmer UV/vis/NIR Lambda
1050þ Spectrometer. As shown in Figure 5a, the transmittance
decreases with increased RF power, with a significant decrease
observed for the 120W films across the whole spectrum.
However, in Figure 5b, the graded samples show perfect overlaps
of the transmittance as the wavelength increases from UV
through the visible region with a slight difference in the infrared
region. This phenomenon is not observed in the transmittance
spectra of films deposited without power grading.

UV radiation could cause oxygen vacancies and defects in the
perovskite crystals, breaking the device down. Perovskite
films have an intense absorption range in the UV region
(200–400 nm).[29] As shown in Figure 5a,b, though the UV trans-
parency of the films is relatively low, it decreases more at a higher
RF power and ramped powers. Thus, UV filtering can be
improved by depositing the CuO films at a higher power or
via ramped power, hence enhancing the stability of the perov-
skite solar cell. This result is also important for applications such
as UV light sensors and lighting, where their high UV transmit-
tance demonstrates the highest quality materials on glasses.
Additionally, UV coating on clear lenses can effectively block
UV light, thereby offering protection to the eye. Thus, by deposit-
ing thin films at a higher power ramp, one can achieve improved
UV-blocking efficiency of lenses.

For device application, the CuO thin film thickness and UV
absorption become critical for performance in terms of efficiency

and stability. While high RF power and ramped power favors
CuO as CTL due to their low transmittance in the UV, the control
of the film thickness is of interest. We deposited a CuO film at
60W and 4.7� 10�3 mbar for 1000 s and obtained a 12.5 nm
thickness. Sangwaranatee et al. showed that varying chamber
pressure during the sputtering deposition significantly impacts
film thickness with higher pressure, yielding low thicknesses.[30]

We believe that combining pressure difference, ramp power, and
duration of deposition would help control thickness for device
application.

The transmittance data was later used to determine the value
of the optical bandgap. The relationship between the absorption
coefficient (α) and the incident photon energy (hv) can be written
as follows:

ðαhνÞ ¼ Aðhν� EgÞn (4)

where A is a constant.
For a direct bandgap material such as CuO, the value of n is 2.

The bandgap estimated for the graded and ungraded samples
ranges between 2.3 and 2.83 eV, as shown in Figures 5a,b.
For the ungraded films in Figure 5a, under RF power conditions
of 60, 80, 100, and 120W, the energy bandgap Eg was 2.80, 2.83,
2.80, and 2.27 eV, respectively. In Figure 5b, for films at ramp
power of 1, 5, 10, and 20W, the energy bandgap Eg was 2.30,
2.57, 2.64, and 2.71 eV, respectively. Also, copper is multivalent,
thus forming several oxides (i.e., CuO and Cu2O). Accordingly,
the bandgap of CuO semiconductors varies with the phases pres-
ent, deposition procedures, and postdeposition treatment.[26,31]

In brief, depending on the phases, fabrication procedure, and
postdeposition treatment, the bandgap reported for different
CuO semiconductors ranges from 1.4 to �3.19 eV,[26,27,31–35]

which places the obtained Eg in the acceptable range seen in
the literature.

Figure 4. EDS pattern of CuO thin films deposited without power ramp: a) at 60W and b) at 120W; and with a power ramp: c) at R_1W and d) at R_20 W.
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3. Conclusion

We successfully deposited thin films of CuO with varying depo-
sition parameters by RF magnetron sputtering. In agreement
with previous reports, the deposition rate increases with ramp
time and RF power. The XRD results revealed that the films
deposited are polycrystalline. The optimum deposition condition
for application in solar cells that gives a good blend of XRD, SEM,
and transmittance quality is the ramp step or graded RF power
samples. However, further thickness control is needed for using
CuO films as a CTL in photovoltaic cells. These results also pro-
vide an additional understanding of the critical role of RF power
during the sputtering of thin films compared to normal RF
power deposition. The results also suggest the possibility of
CuO conductivity due to oxygen depletion, which would need
to be confirmed via further experiments.

4. Experimental Section
The CuO thin films were deposited using a single gun Kurt J Lesker

CMS-18 RF magnetron sputtering system. Atoms were sputtered from
a CuO target (diameter= 76mm) onto a glass substrate at a standard
frequency of RF, 13.56MHz. The distance between the target and the sub-
strate was about 120mm. The chamber pressure in the deposition process
was maintained at 4.7� 10�3 mbar. Argon gas was used as the working

gas for the sputtering process, and the flow rate was kept at 11.2 sccm
while rotating the samples at 10 rpm throughout the deposition. These
depositions were carried out at room temperature, 20 °C, crucial for
the CTL deposition if atop of perovskite active layer.

First, we deposited CuO thin films at 60W for 60min at a gas flow rate
of 11.2 sccm. The same steps were followed for depositions at 80, 100, and
120W. Next, we also deposited the thin films with ramping power from 60
to 120W in steps of 1 W at 59 s intervals for a total deposition time of
60min. Similarly, we prepared samples with power ramped up from 60
to 120W in steps of 5W at 277 s intervals for a total deposition time
of 60min. The third and fourth sets of samples were deposited with
ramped power of 10W at 514 s intervals and in steps of 20W at 900 s
intervals, respectively, from 60 to 120W.

The physical and structural characteristics of the samples were
obtained using 1) Malvern Panalytical Empyrean III X-ray diffractometer
for the crystallinity of the film; 2) Zeiss Gemini 500 (G500) FE-SEM for
nanostructure morphology imaging and thickness confirmation via
SEM cross-sectional imaging; 3) Oxford UltimMax 100 sensor configured
on the SEM instrument for elemental composition and distribution in the
films; and 4) PerkinElmer UV/vis/NIR Spectrometer Lambda 1050þ for
optical properties of the films.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Figure 5. UV–vis measurement of the CuO thin films. Optical transmittances of deposited films a) without RF power ramp and b) with RF power ramp.
Direct bandgaps of the deposited films c) without RF power ramp and d) with RF power ramp.
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