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Copper readily forms three oxides, CuO, Cu4O3 and Cu2O, widely recognised as the most promising p-
type oxides because of their desirable optical and electrical properties and potential use in solar cells,
transparent electronics as well as other specialised applications such as electrodes for rechargeable
lithium batteries, catalysis and memristors. For large-scale implementation of devices, magnetron
sputtering is a practical method of producing metal oxides; however, sputtered copper oxides tend to
form as a mixture of the oxides, with Cu2O being particularly difficult to produce reliably in pure form.
Here, nanostructured thin films of copper oxides were prepared by a variation on reactive sputtering
known as microwave-activated reactive sputtering under various rates of oxygen flow. Microwave-
activated reactive sputtering was shown to be a suitable technique for the inexpensive production of
large areas of copper oxide thin films at near room temperature, facilitating deposition on a wide variety
of substrates including polymers. Furthermore, it was demonstrated that the sputtered films develop
through CuO, Cu4O3 and Cu2O mixed phases as oxygen flow rate is increased. The preparation of a given
stoichiometry for a particular application can be achieved by varying the flow rate of oxygen during the
microwave-activated reactive sputtering process.

Crown Copyright © 2017 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The facile and inexpensive production of large areas of copper
oxide thin films is desirable because of the very many potential
applications. For example, it has been noted that the development
of new applications of transparent electronics such as displays and
solar cells with improved efficiency and reduced costs requires
inexpensive materials for both n-type and p-type semiconductors
along with lower energy productionmethods [1,2]. One of the main
factors for the optimal use of copper oxides in particular applica-
tions is the control of the deposition process [3].

Cuprous oxide (Cu2O) and cupric oxide (CuO), are attractive
material choices for transparent electronics because copper is an
inexpensive and abundant metal, and the oxides are natural p-type
s Alliance (SUPA), Institute of
est of Scotland, Paisley, UK.

evier Ltd. All rights reserved.
semiconductors with a direct band gap [4e6]. Both oxides may be
useful for solar cells, although CuO has higher absorbance over a
wider wavelength range than Cu2O. On the other hand, for trans-
parent electronics Cu2O has the advantage of greater transparency
in the visible spectrum. The two oxides have distinctly different
properties, with Cu2O being a yellow/red colour and CuO being a
much darker brown/black colour in thin film form due to differ-
ences in the band gap and dispersion of the extinction coefficient
over the visible/near infrared region of the spectrum [7]. Bandgaps
in the range of 2.0e2.6 eV have been reported for Cu2O films [8],
while nominally CuO films are typically in the lower range of
1.2e1.6 eV [9]. The rather wide ranges reported for material and
electrical properties reflect the fact that films produced by many of
the proposed fabrication methods invariably contain varying mix-
tures of copper and copper oxide phases and are rarely pure forms
of the oxides. This was demonstrated by Drobny& Pulfrey [10], who
found that reactive sputtering of copper oxide at higher oxygen
partial pressures deposited more oxygen rich phases: Cu2O þ Cu at
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lower partial pressures, then Cu2O only, then Cu2Oþ CuO, and then
finally CuO only at higher partial pressures.

However, since the early 2000s, it has been recognised that
sputtering can in fact result in three oxides, with Cu4O3 being
readily formed in addition to CuO and Cu2O and many earlier pa-
pers have failed to recognise this fact [11,12]. Cu4O3, known as
paramelaconite in mineral form, is itself an interesting material,
with potential use in catalysis [13e15].

Ogwu et al. [16], found that the sheet resistance of copper oxide
thin films prepared by reactive magnetron sputtering increased
with increased O2 flow rates during production. Therefore, it can be
assumed that the presence of the more oxygen rich phases of
copper oxide result in greater resistivity. Another very promising
application area, for Cu2O thin films, is in memristors [17], the
fourth passive circuit element (after resistors, capacitors and in-
ductors) [18].

For the case of solar cells, it is usual to combine copper oxides
with an n-type semiconductor film such as ZnO to fabricate p-n
heterojunctions [19,20]. Solar cells produced from copper oxide
thin film have a theoretical efficiency of approximately 20% [21,22];
however, the best achieved efficiency so far is 6% [23].

There are numerous methods to produce copper oxide thin
films, such as thermal oxidation [24], electrodeposition [9], chem-
ical brightening [25], spraying [8], chemical vapour deposition [26],
plasma evaporation [8], vacuum evaporation [27], molecular beam
epitaxy [28], reactive sputtering [9,10,25]. All noted methods pro-
duce a mixture of phases of Cu, CuO, and Cu2O [29]. Balamurugan
and Mehta [8] used the activated reactive evaporation technique
and varied the nanocrystalline structure by varying the deposition
parameters. The crystallinity was then analysed by x-ray diffrac-
tometer (XRD). The results showed that a single phase of Cu2O
could be deposited at relatively low substrate temperatures using
this technique.

Papadimitropoulos et al. [27] grew copper oxide layers by vac-
uum evaporation of copper onto silicon substrates in a nitrogen-
oxygen atmosphere at temperatures between 185C and 450C. The
Tauc-Lorentz model was successfully used to extract the refractive
indices of the films. Li et al. (2011) used a variation of sputtering
known as HITUS and showed that single phase Cu2O could only be
prepared within a very narrow range of deposition parameters.

The consensus of previous work is that copper oxides are
potentially very useful materials but are particularly difficult to
grow as a pure phase, free of contamination from other phases.
While oxygen flow rate is the most important parameter, it appears
that other process parameters also need careful control. This sug-
gests that commercial applications requiring pure phases to be
deposited reproducibly on large areas may be difficult to achieve,
especially when cost and substrate factors require room tempera-
ture depositionwithout further processing steps such as annealing.

This paper focuses on a scalable deposition method with proven
commercial success, although not yet in widespread use, known as
microwave-activated reactive sputtering (MARS). This method uses
a pulsed DC power supply for sputtering plus a separate microwave
source in a rotating drum configuration to achieve large area, room
temperature deposition of a wide variety of metal oxides, nitrides
and oxynitrides [30,31]. Excellent control of deposition parameters
allows deposition of high performance optical filters [32], including
rugate-type filters, which require thick films to be grown with
continuously variable refractive index [33,34]. Other advantages of
this type of sputtering are that materials with very high melting
points can be sputtered easily [35], whereas techniques such as
evaporation can be difficult or impossible. Sputtered films usually
have better substrate adhesion than evaporated films. Sputtering
can also be undertaken at low temperatures in order to avoid
damage to the substrate or other layers. Given that a target can be
composed of a large amount of material and is maintenance free,
the technique is well-suited for ultrahigh vacuum applications.

In this paper copper oxide films have been grown by MARS.
With these films of 500 nm thickness it has not been possible to
obtain quantitative compositional information with the techniques
available but qualitative results from optical spectroscopy, XRD,
Raman and XPS are presented in some detail. It is demonstrated
that the sputtered films develop through CuO, Cu4O3 and Cu2O
mixed phases as oxygen flow rate is increased and can be suc-
cessfully and reproducibly grown at room temperature. A pure form
of Cu2O is only produced in a very narrow range of oxygen flow.

2. Experimental procedures

In this work, a MARS system (MicroDyn® 40,000) equippedwith
a 127 mm � 380 mm high-purity copper target (>99.99%), 10 kW
DC power supply (Advanced Energy MDX 10 with Spark-le V arc
controller) and a 3 kW plasma source was used. This is a turbo-
pumped system with an added Polycold 330 water trap and is
capable of reaching an operating pressure of ~10�6 torr in 15 min.
The rotating drum in this model rotates about a horizontal axis at
60 revs/min and is capable of holding over 3600 cm2 of substrates.
Mass flow controllers were used to control the flow rates of the
gases, argon, and oxygen. Argon is admitted at the target position
and oxygen at the microwave position. The separate microwave
source offers several advantages in this system. Substrates passing
the target receive a coating of a few nanometres of predominantly
metal, which is then oxidized in the region of the microwave
plasma, which is rich in atomic oxygen. The separation of deposi-
tion and oxidation greatly reduces the potential for poisoning of the
target and arcing. The atomic oxygen is around 10 times more
reactive than molecular oxygen and so uses lower oxygen flow
rates, in addition the microwave plasma acts as a virtual anode,
reducing the disappearing anode effect.

Here we use 30 mm by 12 mm by 1 mm thick glass substrates
(standard microscope slides) and 20 mm diameter by 2 mm
thickness circular silica substrates cleaned using an ultrasonic
system (Optimal UCS40). Several experiments were undertaken
where thin films were deposited on the substrates under condi-
tions where the oxygen flow was varied from 10sccm to 28sccm. In
all cases reported here, the argon flow rate was constant at 150
sccm. It can be noted that because of the microwave plasma, for
reasons outlined above, the oxygen/argon ratios used here are very
lowcompared to those necessary in conventional sputtering, where
ratios of up to 0.5 or higher are necessary to produce CuO. The
processes were halted once a thickness of 500 nm was achieved,
controlled by an Inficon quartz crystal controller (and confirmed
later by SEM).

3. Characterisation

Samples were imaged at various magnifications using a Hitachi
S4100 field emission scanning electron microscope (SEM). This
system has magnification of 40,000 times, a resolution of 1.5 nm,
and acceleration voltage for primary electrons of up to 30 kV. The
crystalline structure of the thin films was determined by X-ray
diffractometry (XRD) (Siemens D5000) with CuK a radiation (40 kV,
30 mA). The diffraction angle was set between 30� and 50� with 1
scan (count) per second at 0.2 increments.

X-ray photoelectron spectroscopy (XPS) was performed on an
AXIS Nova (Kratos Analytical, Manchester, UK), utilising a mono-
chromatic AlKa source (1486.6 eV) operated at 225 W (15 kV,
15 mA), and maintaining a base pressure of better than
1 � 10�9 mbar. Analysis area was defined by the spectrometer and
chosen to be 400 � 700 mm2 for all analyses. Survey and high
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resolution spectra were collected at pass energy of 160 eV and 20
eV respectively. Charge neutralisation was used throughout the
analysis. Three points were analysed on each sample surface.

The transmission and reflection spectra of the thin films,
deposited on the silica substrates, were measured using an Aquila
Instruments' nkd-8000 spectrometer with Pro-Optix software.
Samples were all examined in S-polarized light at 10� angle of
incidence, both in transmission and reflection over the
400e1100 nm wavelength range.

Data from each sample was analysed by the W Theiss SCOUT
programme using the OJL model, named after O'Leary, Johnson, and
Lim [36]. The material composition and transmittance and reflec-
tance spectra were inputted and the programme simulated similar
spectra using optical band gap, Eg, damping constant, g, refractive
index, n, extinction coefficient, k, and film thickness as fit param-
eters. This, in effect, is a method to compute the values of these
parameters and the degree of correlation of the simulated spectrum
to the analysed spectrum is an indicator of the accuracy of those
parameters.

Raman scattering measurements were taken using a Thermo
Scientific DXR Raman Microscope. Samples were measured using a
100� objective using 532 nm 1.0 mW laser excitation. Fluorescence
corrections and medium cosmic ray thresholds were applied to the
data collection.

4. Results and discussion

4.1. SEM analysis

Fig. 1 shows the SEM images of the thin layers deposited under
oxygen flows of 10, 14, and 17sccm revealing their thicknesses and
smooth surface topography.

4.2. XRD analysis

The XRD results of the samples can be seen in Fig. 2.
The location of the spikes in intensity on the XRD plot at the

various 2q angles of incidence can be related to the material
composition and crystalline orientation. The 2q angle values for
each copper composition were taken from JADE5 PDF tables or
Blobaum et al. [11] and can be seen in Table 1.

As noted by Blobaum, et at [11], sputtering of copper in a room
temperature oxygen environment produces Cu4O3 at a similar XRD
2q angle to CuO (111) sputtered in a heated oxygen environment.
Therefore, given the low temperature nature of MARS, it is
considered likely that the copper oxide phase present at ~38� is
Cu4O3 and not CuO. Subsequent Raman analysis confirm this.

Consequently, it can be seen that under the various oxygen
flows, the composition and orientation of the crystalline structure
of the thin layers varies. Also, from the shape of the peaks from the
XRD plot, it can be inferred that those with a sharper peak are more
crystalline than those with a broader peak, which are more
amorphous.

Fig. 2 shows a change in behaviour as oxygen flow rates increase.
At oxygen flow rates between 11sccm and 16sccm, there are always
multiple phases present of Cu2O and Cu4O3 present. However,
under oxygen flow rates of 17sccm or greater, CuO is the dominant
species. It is not surprising that the most oxygen rich phase forms
exclusively under the higher oxygen flow rates.

The presence of each phase is noted in Table 2 based on the rate
of oxygen flow.

4.3. XPS analysis

X-ray Photoelectron Spectroscopy (XPS) was performed to
identify the chemical composition of the copper surfaces. Survey
spectra for the 10sccm and 17sccm samples given in Fig. 3a. The
only elements detected at the surface were Cu, O and C, where the
carbon was assumed to be adventitious contamination. The energy
scale was calibrated by setting the carbon peak to 284.8eV. Table 3
presents the results of the quantification of chemical composition
based on survey spectra for samples from 10 to 20sccm. Unfortu-
nately, it was not possible to obtain XPS measurements for samples
produced under oxygen flow rates of 24, 26, and 28sccm. Upon
initial inspection it would appear as though the atomic percentages
do not support the presence of the three oxides of copper (Cu2O,
Cu4O3 and CuO) observed by XRD earlier since the ratio of Cu to O
(Cu:O) is around 1:1 for all samples. However XPS is expected to be
far more surface sensitive than XRD, with most of the signal (95%)
coming from <8 nm depth from the surface. Thus analysis simply
based on atomic percentages is not sufficient in this case as it is
influenced by any rearrangement of the surface atoms resulting in
the formation of surface oxides. Therefore we turn to analysing the
high resolution spectra, and referring to reference data for known
copper compounds.

Reference Cu 2p and Cu LMM spectra of three copper materials;
Cu metal, Cu2O (Cu1þ reference) and CuO (Cu2þ reference) were
obtained from the Open Access XPS Reference Database XPSSurfA
[37] and are reproduced in Fig. 3b. The three materials can be
distinguished from one another when both the Cu 2p and Cu LMM
regions are analysed together. Cu 2p for Cu metal shows a sharp
2p3/2 peak at 932.4eV, with no satellite features. The Cu1þ oxide
(Cu2O) has a similar 2p3/2 position but also shows a weak satellite
feature around 946eV. The Cu2þ oxide (CuO) has a shifted peak
position of 933.6eV and a strong satellite. The peak positions of the
three Cu LMM regions show distinct energies of 918.8eV, 916.7eV
and 917.7eV for the Cu0, Cu1þ and Cu2þ materials respectively. Thus
scans of the Cu2p and Cu LMM regions were collected on each
sample at three points on the surface, and representative spectra
are given in Fig. 3c and d for the 10sccm and 17sccm samples. The
Cu2p3/2 region of the doublet presented with an intense compo-
nent at binding energy 932.5eV along with a less intense shoulder
at 934.4eV. The higher binding energy shoulder was taken to be the
Cu2þ compound CuO. Present also in the Cu2p region were a set of
satellite features from 940 to 947eV. These can be identified as
satellite features for the Cu1þ and Cu2þ oxidation states, and are not
present for metallic copper as seen in the reference data and
literature [38-40]. Investigation of the Cu LMM feature (see Fig. 3d)
for these samples shows an intense peak at 916.7eV for 10sccm and
917.4eV for 17sccm, indicative of a greater amount of Cu1þ and Cu2þ

present at each of these surfaces respectively. Thus, the lower
binding energy component in the Cu 2p3/2 region is assumed to be
predominantly from Cu1þ, and Cu2O, and two components can be
fitted to the Cu 2p3/2 feature for the Cu1þ and Cu2þ states.

With increased flow rate the ratio of the Cu1þ to Cu2þ states
could then be monitored via the area of the fitted components,
alongwith the position of the Cu LMM peak, as given in Fig. 3e and f.
It was observed that at a flow rate of 12e15sccm a shift occurs in
the dominant oxidation state detected by XPS, with a sharp rise in
ratio of Cu2þ occurring beyond this value. This is observed in both
the ratio of the fitted components (Fig. 3e) and the position of the
LMM feature (Fig. 3f). From the analysis of these spectra, and with
comparison to the reference data for Cu, Cu2O and CuO in Fig. 3b,
we can conclude the chemical composition of the surfaces to be
mostly Cu2O for ~10e14 SCCM, an intermediate oxide of Cu4O3 (a
mixture of Cu1þ and Cu2þ) for ~12e16 SCCM, and CuO for ~14e20
SCCM, and these are labelled in Fig. 3e and f as the dominant
compositions. This is in excellent agreement with the XRD results
presented earlier.



Fig. 1. SEM of samples under various oxygen flow rates.
The SEM images of the thin films confirm the thicknesses and surface topographies.
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4.4. Optical spectroscopy

For samples produced under oxygen flows of 10 to 16sccm and
17 to 28sccm, Fig. 4 and Fig. 5, respectively, show the optical
properties (transmittance, reflectance and absorptance) of the
samples across the visible spectrum (400 nme1100 nm).

The Aquila instrument directly measures transmittance and
reflectance from the same area of the film. The oscillations
observed in these spectra are due to coherent interference of the
light reflected from the top and bottom surface of the thin films. It is
notable, expected from theory, that these oscillations are damp-
ened greatly in the transmittance spectrum as the extinction factor
increases, but are still easily observed in the reflectance spectrum.
Given the high reflectance, absorptance, A, is calculated using both
measured transmittance, T , and reflectance, R, from Eq (1).

A ¼ 1� T � R
A ¼ absorptance
T ¼ transmittance
R ¼ reflectance

(1)

This expression ignores incoherent scattering from the surface
of the films but this is expected to be low in sputtered films.

It can be seen that from the plot that the samples with the
highest transmittance values are those that were deposited under
oxygen flows of 11, 12, and 13sccm. Samples deposited under ox-
ygen flows that were greater or less than this have lower



Fig. 2. XRD of samples deposited under various oxygen flows.
Under oxygen flow rates of 10 to 16sccm, all thin film comprise mixed phases of Cu2O and Cu4O3. Under oxygen flow rates of 17scmm or greater, only CuO is present.
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transmittance values.
Concentrating on absorptance values in Figs. 4 and 5, it can be

seen that the 10sccm sample has the highest absorptance, over the
entire range of wavelengths from 400 to 1,100 nm. However, this is
consistent with an under-oxidized sample containing some
metallic Cu and also, as shown in the XRD, XPS, and Raman results,
some Cu2O. The presence of metallic Cu would render any such thin
film not useful for semi-conductor applications, such as a solar cell;
however, no other characterisation technique indicated the pres-
ence of metallic Cu. From 11 to 13sccm, the films have high
absorptance (>0.2) only in the range 400e700 nm and from 15 to
28sccm there is considerable absorptance out to 1,100 nm. It is
Table 1
2q angles for XRD of plasma-assisted DC sputtered copper oxide films.

Phase Angle Reference

CuO (002) 35.4� JADE5 PDF Table: PDF#48-1548
Cu4O3 (202) 35.8� JADE5 PDF Table: PDF#49-1830
Cu2O (111) 36.5� JADE5 PDF Table: PDF#65-3288
Cu4O3 38.5� Blobaum et al., 2003
CuO (111) 38.7� JADE5 PDF Table: PDF#48-1548
Cu2O (200) 42.4� JADE5 PDF Table: PDF#65-3288
CuO (021) 56.7� JADE5 PDF Table: PDF#48-1548
known from the literature [41] that the extinction coefficient of
Cu2O is lower than that of CuO above 600 nm and so these results
are consistent with the increasing oxidation of the films, pro-
gressing through Cu2O, Cu2O/Cu4O3, Cu4O3/CuO, and CuO as the
oxygen flow rate increases from 11sccm to 28sccm.

Although of little practical use in the rather complicated field of
nano-structured thin films with variable chemical composition,
being only a single number that indicates the onset of optical
absorptance, it is nevertheless usual to determine the so-called
optical band gap from measurements of transmittance.

The various compositions of CuxOy are known to have various
band gap ranges [42]. For Cu2O it is between 2.20 and 2.90eV [42],
for Cu4O3 it is between 1.34 and 2.47eV [15], and for CuO it is be-
tween 1.21 and 2.20eV [42]. These results are highly variable,
varying with the composition, and just as importantly, varyingwith
nano-structure as band gap is known to increase with diminishing
grain size. In, for example, solar cell applications, the most impor-
tant consideration is how absorption varies over the solar spec-
trum, so the single value of band gap is of little consequence in
practice.

The optical band gap, Eg, damping constant, g, refractive index,
n, extinction coefficient, k, and film thicknesses for each sample
were calculated by fitting the experimental datawith the OJLmodel



Table 2
Thin film composition at different oxygen flow rates.

O2 Flow rate (sccm) Cu2O (200) Cu2O (111) Cu4O3 (202) CuO (002) CuO (021) CuO (111)

10 Present e e e e e

11 Present Present Present e e e

12 Present e Present e e e

13 Present e Present e e e

14 Present e Present e e e

15 Present e Present e e e

16 Present e Present e e e

17 e e e Present Present e

18 e e e Present Present e

19 e e e Present Present e

20 e e e Present e e

24 e e e Present e Present
26 e e e Present e Present
28 e e e Present e Present

Fig. 3. XPS analysis of the copper surfaces.
(a) XPS Survey spectra from the 10sccm and 17sccm samples showing only the presence of Cu and O signals, with a small carbon contaminant. (b) Reference Cu 2p and Cu LMM
spectra for three Cu compositions; Cu metal, Cu2O and CuO reproduced under CC BY-NC 4.0 [37]. (c) and (d) Cu 2p and Cu LMM spectra for the 10sccm and 17sccm samples. The Cu
2p3/2 feature can be fitted with one component for each of the Cu1þ and Cu2þ states. The satellite features observed from 940 to 947eV further substantiate the presence of these
states. The Cu LMM peak energy is at 916.7eV for 10sccm and 917.4eV for 17sccm confirming the presence of the Cu1þ (Cu2O) and Cu2þ (CuO) states respectively. The relative ratio of
the Cu2p3/2 components in (c) and the Cu LMM peak energy in (d) is used to monitor the change in oxidation state from Cu1þ to Cu2þ in (e) and (f) as the flow rate is increased from
10 to 20sccm, with the dominant chemical composition labelled.
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using the commercially available SCOUT package from W Theiss
Software [43]. Examples of measured and fitted spectra are shown
in Fig. 6, with the measured spectrum shown in red and the fitted
spectrum shown in blue in each case.
Table 4 shows the derived parameters (at 550 nm wavelength)
and the estimated thickness for each film using both software
packages. The thicknesses as measured from SEM cross-sections.

The thin films being analysed are nano-structured and



Table 3
Thin film composition at different oxygen flow rates.

O2 Flow rate (sccm) Atomic percentage (at.%) Ratio Cu:O

Cu O C

10 31.8 30.9 37.3 1:1
11 13.5 18.2 68.3 1:1.3
12 21.2 22.8 56.0 1:1.1
13 28.5 28.8 42.7 1:1
14 29.1 30.2 40.8 1:1
15 31.3 32.1 36.5 1:1
16 31.5 32.9 35.6 1:1
17 30.9 31.4 37.7 1:1
18 30.5 29.7 39.8 1:1
19 30.0 27.4 42.6 1:0.9
20 27.5 23.4 49.1 1:0.9

Fig. 4. Optical properties of samples deposited under oxygen flow 10-16sccm.
In general, transmittance decreases and absorptance increases with increased oxygen flow, e
absorptance of all samples (10e28sccm).
polycrystalline. In such material, the exponential decay of the va-
lance band's and conduction band's tails need to be considered. The
OJL model incorporates a parameter to account for this e damping
constant, g.

The optical band gap values derived by the OJL model for each
sample are in accordance with the optical band gap values for the
phases determined to be present by XRD, XPS, and Raman. That is,
at lower oxygen flows, the presence of Cu2O and Cu4O3 was found
to be dominant. The expected band gap values for these phases is
2.2e2.9eV and 1.34e2.47eV, respectively. At higher oxygen flows,
the presence of CuO was found to be dominant. The expected band
gap value for this phase is 1.21e2.2eV. The optical band gap values
xcept for 10sccm which produces a sample with the lowest transmittance and highest



Fig. 5. Optical properties of samples deposited under oxygen flow 17-28sccm.
In general, all the samples have optical properties within a similar band of ± 10%. Transmittance values increase from zero at 600 nm to 50e70% at 1100 nm. Similarly, absorptance
values decrease from ~80% at 600 nm to 20e40% at 1100 nm. Below 750 nm, samples deposited under the higher oxygen flows have lower transmittance and higher absorptance
values; however, above 750 nm, the ordering becomes more random.

Y. Alajlani et al. / Vacuum 144 (2017) 217e228224
determined by the OJL model appear to track the transition from
Cu2O to CuO being dominant as oxygen flows increase.

Samples produced with an oxygen flow rate of 10sccm are an
exception to this trend; however, as mentioned previously, this
sample contains some Cu metal and so the spectra cannot be fitted
by the OJL model.

Similarly, the OJL model confirms that the extinction coefficient
of Cu2O dominant films is lower than that of CuO dominant films, as
expected. However, the extinction coefficient of the 10sccm sample
is anomalously high; again, this is likely due to the presence of
metal Cu.

The thicknesses derived by OJL model and SEM are broadly in
agreement with each other.
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4.5. Raman measurements

Initial Raman measurements showed that samples grown in the
MARS system formed Cu2O as well as Cu4O3 in higher O2 processed
samples. The Raman results are shown in Fig. 7 for oxygen flows of
10 to 28sccm. By comparison with Table 5, which notes the various
copper oxide Raman Shift values, it can be seen that at 10sccm,
Cu2O is the only phase present; between 11sccm and 16sccm,
mixed phases of Cu2O and Cu4O3 are present; between 17sccm and
20sccm, Cu4O3 is the only phase present; at 24sccm, mixed phases
of Cu4O3 and CuO are present; and at 26sccm and greater, CuO is the
only phase present.

The presence of the various forms of copper oxide are sum-
marised in Table 6.

It can be noted that there are differences between the XRD re-
sults and Raman results for the 17sccm to 24sccm samples. For
17sccm to 20sccm, XRD detects the presence of CuO, whereas
Fig. 6. Example simulated optical spectra by OJL model.
Measured spectra are shown in red and fitted spectra are shown in blue. (For interpretation o
of this article.)
Raman detects the presence of Cu4O3. For 24sccm, XRD detects the
presence of CuO, whereas Raman detects the presence of a mixture
Cu4O3 and CuO. However, the XRD and Raman techniques probe
fundamentally different physical properties. XRD derives informa-
tion from crystal plains and is therefore sensitive to the crystallinity
of the sample, whereas Raman is sensitive to the polarizability of
molecular bonds, which can identify amorphous phases more so
than XRD. Therefore, in mixtures where different crystal orienta-
tions will affect XRD intensity, Raman will be able to identify
different phases where XRD does not, ie, in the 24sccm sample.
Thus, XRD can determine structural information of the bulk of the
film, whereas Raman measurements provide information of the
film surface (that may be of different composition to the bulk) as
noted in other research that “Raman spectroscopy, unlike XRD, can
only get the structure information from the top layer of the thin
film” [45].
f the references to colour in this figure legend, the reader is referred to the web version



Table 4
Optical properties simulation parameters with SEM thickness data.

O2

Flow (sccm)
SCOUT-OJL SEM

Eg
(eV)

g
(eV)

n k Thickness
(nm)

Thickness
(nm)

10 1.01 0.30 3.10 0.53 462 454
11 2.22 0.15 3.08 0.08 462 487
12 2.19 0.09 3.16 0.07 448 449
13 2.23 0.13 3.07 0.09 460 486
14 1.94 0.15 3.08 0.18 470 458
15 1.44 0.02 2.56 0.21 477 479
16 1.31 0.02 2.92 0.27 474 481
17 1.29 0.03 2.92 0.30 482 479
18 1.31 0.04 2.78 0.32 488 502
19 1.23 0.01 2.79 0.36 478 477
20 1.23 0.07 2.73 0.38 500 511
24 1.22 0.05 2.85 0.62 453 430
26 1.25 0.06 2.86 0.67 412 420
28 1.28 0.06 2.86 0.67 443 438

Fig. 7. Raman measurements of MARS thin films at various oxygen flows.
The peaks indicate the presence of Cu2O for thin films produced under oxygen flows between 10sccm and 16sccm, the presence of Cu4O3 under oxygen flows between 11sccm and
24sccm, and the presence of CuO under oxygen flows between 24sccm and 28sccm.
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5. Conclusions

It is demonstrated that the sputtered films develop through
CuO, Cu4O3 and Cu2Omixed phases as oxygen flow rate is increased
and can be successfully and reproducibly grown at room
temperature. A pure form of Cu2O is only produced under an oxy-
gen flow rate of 10sccm; however, this may be contaminated by Cu
metal.

The results indicate that Cu4O3 can be reliably produced by
MARS at oxygen flow rates between 11sccm and 16sccm, and



Table 5
Raman shifts of CuxOy [15,44].

Raman shift (cm�1) Copper oxide phase

148 Cu2O
216 Cu2O
296 CuO Ag
318 Cu4O3 Eg
345 CuO Bg
541 Cu4O3 A1g
651 Cu4O3 B1g

Table 6
Interpretation of copper oxide content based on Raman observations.

O2 Flow rate (sccm) Cu2O Cu4O3 CuO

10 Present e e

11 Present Present e

12 Present Present e

13 Present Present e

14 Present Present e

15 Present Present e

16 Present Present e

17 e Present e

18 e Present e

19 e Present e

20 e Present e

24 e Present Present
26 e e Present
28 e e Present
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possibly at higher oxygen flow rates as well.
For the production of solar cells, Cu2O thin films are preferable

due to the better optical and electrical properties over the other
phases of copper oxide.

It is concluded that careful control of the oxygen flow rate (and
therefore partial pressure of oxygen) is critically important in the
production of particular stoichiometries of copper oxides. It has
also been shown that detailed characterisation of the sputtered
films is possible with the aid of XPS, XRD, optical and Raman
measurements. The OJL model was used to determine the E gap and
optical properties and confirmed by the other methods. In partic-
ular, given that many of the earlier papers to be found in the
literature ignored the possibility of the formation of Cu4O3, their
findings will possibly require some reconsideration.
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