
Thin Solid Films 732 (2021) 138763

Available online 31 May 2021
0040-6090/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Morphological and stoichiometric optimization of Cu2O thin films by 
deposition conditions and post-growth annealing 

Medina Umar a, Milo Y. Swinkels a, Marta De Luca a, Claudia Fasolato a,b, Lucas Moser a, 
Gerard Gadea a, Laurent Marot a, Thilo Glatzel a,*, Ilaria Zardo a,* 

a Department of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel Switzerland 
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A B S T R A C T   

Thin films of copper oxide were grown by radio frequency-magnetron sputtering in an oxygen-argon environ
ment onto silicon substrates at two different oxygen partial pressures (15% and 23%). Post deposition annealing 
in vacuum environment was conducted on the films at different temperatures (between 250 ◦C and 550 ◦C). We 
investigated the thin films by Scanning Electron Microscopy, Energy Dispersive X-ray, X-ray diffraction, Raman 
spectroscopy, Atomic Force Microscopy and Kelvin Probe Force Microscopy. These studies show that post-growth 
annealing in vacuum results in thin films with different morphological and stoichiometric properties. Further
more, the oxygen partial pressure conditions during deposition have an impact over the obtained oxide phases: 
high oxygen partial pressure leads to the formation of two different oxide phases, i.e. CuO and Cu2O, while low 
oxygen partial pressure leads to the formation of Cu2O thin films. Notably, we also uncovered a parasitic 
crystallite growth as a result of aging on the pristine and low-temperature annealed samples, and we found out 
that high temperature annealing prevents this kind of aging.   

1. Introduction 

Metal Oxides (MOs) form an important group of functional materials 
with diverse structural, electronic, magnetic, and optical properties and, 
as semiconductors, are promising materials for photovoltaic applica
tions. Many MOs are abundant, non-toxic, and chemically stable, thus 
interesting materials for further research and development [1–4]. MOs 
are already widely used as active or passive components in a broad range 
of available applications e.g. as active channel layer in transistors [5,6], 
transparent conducting front electrodes [7], all-oxide photovoltaic cells 
[8,9], Active Matrix Organic Light Emitting Diode displays [10], 
hetero-interfaces for solar cell applications [11,12], gas sensors [13], 
and photocatalytic activity studies [14,15]. Theoretical calculations 
have predicted an efficiency of oxide-based solar cells of over 20% [16, 
17]. 

Copper oxide is an MO with three possible oxide phases, namely 
Cu2O, CuO and Cu4O3. The oxide growth kinetic of these three oxides 
depends largely on the oxygen pressure, temperature, and speed of 
deposition rate; therefore, a very slim window of deposition parameters 
for obtaining a specific oxide phase exists, and the distinguishing factors 

are the growth parameters. From the equilibrium phase diagram, Cu2O 
(Cu+) and CuO (Cu2+) are the stable phases. The preferred phase for its 
potential for photovoltaic application in dye sensitized wide band gap 
devices is Cu2O (cuprous oxide) with a simple cubic structure and space 
group O4

h with two molecules per unit cell; it is a p-type direct band gap 
II-VI semiconductor [18–20] with reported direct band gap energy value 
of 2.17 eV and optical band gap energy values of 2.32 to 2.62 eV 
[21–24]. CuO (cupric oxide) has a monoclinic structure with band gap 
energy values of 1.21–1.51 eV [25,26], while Cu4O3, a tetragonal crystal 
system for which there are very few studies, is called paramelaconite, 
and has a band gap of about 1.34 eV [22,27]. 

Several deposition techniques have been applied and reported for 
cuprous oxide, such as plasma evaporation [28], chemical deposition 
[23,29–32], oxidation [33], electrochemical deposition [34,35], remote 
plasma deposition [36], and magnetron sputtering techniques [37-41]. 
Depositions were performed onto different substrates such as glass, 
quartz, fibre glass, substrates [27,41–43], soda-lime glass [44], silicon 
wafers [45–47], stainless steel substrates [48], co-fired ceramics sub
strates [49], plastic and polyethylene terephthalate substrates [10,50]. 
The resulting morphology and grain size largely depend on the 
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technique used for the deposition process; the common morphologies 
are tetragonal [44,48], octahedral [23], and cubic [43,45,51]. There are 
extremely few studies on the stability and aging of copper oxides [52, 
53]. 

In this paper, we synthesize copper oxide thin films from sputtering 
of pure copper targets at room temperature using radio frequency (RF)- 
magnetron sputtering technique. Moreover, we conduct post-deposition 
annealing in vacuum on the grown films at different temperatures. 
Annealing in vacuum has been employed in a variety of studies to obtain 
desirable film properties. For copper oxides, the majority of these studies 
was performed under an oxygen and nitrogen atmosphere [54,55]. As 
these gases could have further reactions with the films atoms, in this 
work we perform the annealing in near vacuum conditions. This has the 
additional potential benefit of reducing the oxygen content of the film 
helping to create the desired Cu2O, which is otherwise difficult to obtain 
directly from growth. Moreover, also its band gap may be tuned by 
enhancing the grain sizes and the crystallinity of thin films via annealing 
[55,56]. 

We systematically investigate the obtained films via Scanning Elec
tron Microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDX), X- 
ray diffraction (XRD), Raman spectroscopy, Atomic Force Microscopy 
(AFM), and Kelvin Probe Force Microscopy (KPFM). We show that 
performing annealing in vacuum allows to improve the properties of the 
films, such as grain size and surface-to-volume ratio, while also 
improving the stoichiometry. This work constitutes an unprecedented 
complete study of the temperature dependent effects of vacuum 
annealing on copper oxide films, both grown as nominally CuO as well 
as nominally Cu2O. 

2. Experimental details 

2.1. Film deposition 

The deposition of copper oxide films was performed in a high vac
uum chamber pumped with base pressure of about 2 × 10− 4 Pa [57]. 
Copper oxide films were grown onto ultrasonically pre-cleaned silicon 
wafers with the [100] orientation using reactive magnetron sputtering. 
The copper target (99.9% purity, oxygen-free high thermal conductiv
ity) has a diameter of 2 cm. Argon (99.9999%) and oxygen (99.9995%), 
introduced through a mass flow controller, were used as sputter gas with 
the flow rate being fixed at 6.0 (Ar): 4.0 (O2) sccm and 6.6 (Ar): 2.5 (O2) 
sccm respectively for the high and low oxygen partial pressure de
positions. The estimated target-to-substrate distance was 7 cm, and the 
deposition process carried out at room temperature at fixed RF electrical 
power of 100 W (at 13.56 MHz) applied to the target. We used two set of 
parameters (see Table 1 for the deposition environments description), 
resulting in two different samples: one with a low partial pressure of 
15% and one with a high partial pressure of 23%. The post-deposition 
treatment, i.e. annealing in near vacuum conditions, was conducted 
on samples cleaved after deposition from the original sample, such that 
any difference that would arise in the properties would come from the 

annealing at different temperatures and not from slightly different 
deposition parameters. Before annealing, the chamber was flushed in 
argon to avoid any remaining oxygen and then pumped down to 
approximately 500 Pa. The annealing temperatures were 250, 350, 450, 
500 and 550 ◦C, the ramping time was 300 s, the samples annealing time 
was one hour each. 

The cross sections of the films obtained via SEM at a tilt angle of 90◦

are shown in Fig. A.1 in the Appendix A. Fig. A.2 displays the measured 
thickness of all thin films. We found a film thicknesses of ⁓150 nm for 
the pristine 15% O2 and ⁓330 nm for the pristine 23% O2 partial 
pressures. Clearly, the overall film thickness is only marginally affected 
by the annealing temperature. The larger thickness for the 23% sample 
with respect to the 15% one likely comes from the different positioning 
of the samples on our sample holder during the deposition, which can 
lead to different deposition rates. Our 58 mm diameter sample holder is 
comparable to the sputtering plume in size and hence we have a 
maximum deposition rate at the center, with a radial decay following a 
Gaussian profile. The 23% sample was placed closer to the holder’s 
center and hence the deposition rate – and thus the thickness for an 
equal process time – was higher. Further investigations are ongoing and 
go beyond the scope of this work. We stress that a different thickness 
does not affect sample’ properties, but only the visibility of substrate 
peaks in some characterization techniques, as it will be discussed. 

2.2. Thin films characterization 

The surface morphology of the prepared films was examined using 
SEM operated at 5 kV, and micrographs at different magnifications were 
obtained. The SEM was performed with the Leo Supra 35 microscope by 
ZEISS. Energy and Dispersive X-ray (EDX) scans were performed using 
EDAX32\Genesis at accelerating voltage of 10 kV on both the pristine 
and the samples annealed at 500 ◦C to detect the thin films’ elemental 
composition. The analysis probing depth is 1 µm on average (the 
effective value depends on the material properties, including density). 
The chemical composition and the structural properties of the grown 
thin films were studied by means of XRD and Raman spectroscopy. XRD 
patterns were recorded using a SIEMENS D5000 instrument with Cu Kα 
radiation (λ = 1.5418 Å, 40 kV and 30 mA) at a grazing incidence of 5◦. 
Grazing incidence probes the crystallography film surface within a few 
nm. A graphite secondary monochromator (no filter) was used and a 
width of 1◦ for the primary and secondary divergence slits was 
employed. All XRD patterns were acquired with scan steps of 0.02◦ and 
with 8 s of acquisition time. The Stokes Raman spectra were acquired at 
room temperature, the excitation wavelength was 532 nm, the power 
density was fixed to 250 kW/cm2 to avoid laser-induced sample modi
fication/damage, and the laser beam was focused on the sample surface 
using a 100x objective, resulting in a spot size of about 0.6 μm. The 
scattered light was collected in backscattering geometry and analysed 
using a spectrometer with a 600 grooves/mm grating. AFM measure
ments were carried out inside a glove box (labmaster 130, mBraun) 
under a dry nitrogen atmosphere (< 0.1 ppm H2O and O2) with a 
commercial microscope (FlexAFM, Nanosurf) in standard tapping mode 
at the first cantilever resonance. The electrical analysis was conducted 
via KPFM employing the use of the single pass mode to capture both the 
topography and the contact potential difference (CPD) simultaneously 
with amplitude modulation [58,59]. An external lock-in amplifier (HF2, 
Zurich Instruments) was employed to excite, detect and compensate the 
electrostatic forces at the second resonance of the cantilever [60]. The 
data acquisition was performed using a PtIr coated cantilever 
(PPP-NCLPT, Nanosensors). 

3. Results and discussion 

3.1. Morphology and compositional analysis 

The grown thin films were analysed via SEM to study the evolution of 

Table 1 
Deposition parameters for the two series of thin films in the RF-magnetron 
sputtering machine and resulting thickness.  

Deposition at low oxygen ratio Deposition at high oxygen ratio 

Excitation: RF = 13.56 MHz Excitation: RF = 13.56 MHz 
Power = 100 W Power = 100 W 
Partial pressure of  

O2 = 1.7 × 10− 1 Pa → 15% 
Partial pressure of  
O2 = 2.6 × 10− 1 Pa → 23% 

Partial pressure of  
Ar = 9.6 × 10− 1 Pa → 85%  Partial pressure of  

Ar = 8.8 × 10− 1 Pa → 77% 
Total pressure = 1.09 Pa Total pressure = 1.09 Pa 
Deposition time = 130 s Deposition time = 130 s 
Thin film thickness ⁓ 150 nm Thin film thickness ⁓ 330 nm  
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the surface morphology with annealing temperature. The obtained im
ages of the as-deposited and annealed films formed with 23% or 15% O2 
partial pressure are presented in Fig. 1a-f and 1g-l, respectively. The as- 
deposited films in Figs. 1a and 1g show densely packed grains that are 
homogeneously distributed and very similar to the observation of the 
nanoporous CuO material synthesized by microwave-assisted synthesis 
[22,61]. The pattern and shape of the annealed thin films evolve greatly 
with the temperature increase, as visible in panels b-f and h-l: besides 
the change in the morphology of the grains, which become bigger and 
less homogeneous, we also notice black spots on the annealed samples 
that are conspicuous in Figs. 1c, 1e, 1f and 1j, showing some void-like 
features or micro cracks, likely as a result of the thermal expansion co
efficient difference between the films and the substrate [62]. The in
crease in nucleation, and in the active surface area, can be attributed to 
atomic diffusion. We observe that although films with both oxygen ra
tios show a change in morphology caused by the annealing, the 23% O2 
partial pressure sample shows more agglomeration of grains since the 
oxygen rate is higher. The 15% O2 partial pressure samples at higher 
annealing temperatures of 500 and 550 ◦C in Figs. 1k and 1j show well 
defined and clear edge crystallites indicating full crystallization. 

The EDX characterization, aimed at elemental identification and 
composition analysis, was conducted on both the pristine and the 
annealed films at 500 ◦C, for both O2 partial pressures. The EDX spectra 
and results, displayed in Fig. B.1 in the Appendix B and in Table 2, 
respectively, show that in the sample deposited at high partial pressure 
the oxygen percentage decreases in both the elemental weight and the 
atomic percentage due to annealing, suggesting an annealing-mediated 

change in the relative copper and oxygen contents possibly related to 
phase change, which we have further investigated by XRD and Raman in 
Section 3.2. De-oxidation of materials when subjected to vacuum 
annealing was reported previously, for example in metals (see, e.g., [63]) 
and semiconductors (e.g. [64]). Usually these studies are performed to 
get rid of unwanted native oxide, while in our work we find that vacuum 
annealing can also be employed to change the stoichiometry of the film. 
Since the native oxide is often only on the surface, we perform several 
bulk-type analyses (e.g. Raman) and show that the stoichiometry is 
changed throughout the film. 

3.2. Structural properties 

The structural analysis was performed using XRD in the scanning 
Bragg angle 2Ѳ from 20◦ to 90◦. The Cu2O phase belongs to the space 
group Pn3m or O4

h , documented in the Inorganic Crystal Structure 
Database (ICSD) pattern 01-077-0199, while the CuO has the space 
group C2/c (ICSD pattern 00-045-0937). Fig. 2 presents the XRD results. 
The thin films sputtered at 15% O2 partial pressure (see panel 2a and its 
magnification below it) have patterns indexed to planes of the Cu2O 
phase, namely the reflections at 29.56◦ (110), 36.18◦ (111) and 42.43◦

(200). In the 350 ◦C sample, the plane at 29.04◦ (110) is attributed to the 
Cu2O. The data indicate a phase transition at 450 ◦C, where both oxides 
coexist. Indeed, the diffraction peaks at 35.70◦ (111) [24] and at 38.86◦

(200) are attributed to CuO. At 500 ◦C and 550 ◦C we notice the 
disappearance of the CuO peaks, while all the Cu2O peaks stay. 

The pristine films sputtered at 23% O2 partial pressure (panel 2b in 
Fig. 2 and its magnification) show diffraction peaks of CuO at 35.43◦

(111) and at 38.54 (111) [65] at all annealing temperatures. Moreover, 
at 350 ◦C a peak at 36.29◦ (111) belonging to Cu2O arises and it stays up 
to 550 ◦C. The peak at 38.86◦ is indexed to the (200) plane of CuO. The 
450 ◦C has a peak at 42.89◦ (200) from Cu2O. Figuiredo [24] and Nair 
[60] revealed in their temperature studies that at temperatures greater 
than 350 ◦C Cu2O could reverse to CuO, while in our study we observe 
both this and the reverse trend. The observation of the reverse trend 
could arise from the fact that in those studies annealing was performed 
in air, while in our study it was performed in vacuum. The 
annealing-driven reduction process leads to the formation of stable 
Cu2O. In our work, depending on the used oxygen pressure, we observe 
Cu2O reversing to CuO at 450 ◦C (for the low O2 partial pressure 
deposited samples) and CuO transforming to Cu2O at 350 ◦C (for the 
high O2 partial pressure deposited samples), the latter being similar to 
ref. [65]. We stress that we did not observe any peak coming from the Si 
(100) substrate, as expected for a grazing incidence XRD experiment 
with the incidence angle of 5◦ chosen in this work. 

Fig. 1. SEM surface morphology of sputtered thin films on Si substrates deposited at 15% (bottom panels) and 23% (top panels) O2 partial pressure. Annealing 
temperature increases from left to right. 

Table 2 
EDX results for Cu-O elements in as-deposited and annealed at 500 ◦C thin films 
deposited at 15% and 23% O2 partial pressures extracted from the EDX data in 
Fig. B.1 in Appendix B.  

Samples Annealing temperatures 
(◦C) 

Element Weight 
% 

Atomic 
% 

15% O2 at 
deposition 

not annealed O 15 41   

Cu 85 59       

500 O 14 40   
Cu 86 60      

23% O2 at 
deposition 

not annealed O 23 55   

Cu 77 45       

500 O 20 49   
Cu 80 51  
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To further elucidate the structural composition of the thin films and 
its dependence on annealing temperature, we performed Raman spec
troscopy studies on all films. Fig. 3 shows the Raman spectra of the as- 
deposited and annealed thin films for both sputtering processes at 

15% and 23% O2 (panels 3a and 3b, respectively). We performed a 
careful quantitative analysis of the collected spectra. As an example of 
the deconvolution procedure, we display the fitting of the whole spec
trum of the sample deposited at 23% O2 and annealed at 550 ◦C in 

Fig. 2. Stacked XRD patterns of thin films prepared on Si substrates by RF-magnetron sputtering at 15% (panel 2a) and 23% (panel 2b) O2 partial pressure. The 
bottom panels offer a magnified view of the top panels, in the region 27-45◦. Triangles and circles indicate peaks attributed to Cu2O or CuO, respectively, and the 
dashed lines highlight their evolution. Annealing temperature of each sample is indicated on the right side. 

Fig. 3. Stacked Raman spectra of thin films prepared on Si at 15% (panel 3a) and 23% (panel 3b) O2 partial pressure. Annealing temperature of each sample is 
indicated on the right side. In panel 3a, the as-deposited sample’s spectrum was halved (see the division by 2). Peaks attributed to Cu2O or CuO are indicated by 
triangles and circles, respectively, and the Si substrate peak at ⁓521 cm-1 is indicated by ‘Si’. In the spectrum of the 550 ◦C sample in panel 3b we show the fitting 
procedure: grey thin lines indicate the Lorentzian components, and the black thin line is the cumulative result. 
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Fig. 3b (see grey and black thin lines), from which we derived the full 
width at half maximum (FWHM), the average intensity, and mean fre
quency of each peak. The FWHM and the average intensity are plotted in 
Fig. 4 for selected phonon modes of the 23% O2 sample. In all the spectra 
shown in Fig. 3, the peak at 521 cm− 1 belongs to the optical F2g phonon 
mode of the Si substrate. In the thinner films, namely, those deposited at 
15% oxygen partial pressure, the Si substrate signal is very intense in all 
the spectra, as expected due to the small film thickness. In the 15% O2 
sputtered thin films annealed at high temperatures, 500 ◦C and 550 ◦C, 
we observe a peak at 145 cm− 1, which can be assigned to phonons of 
symmetry F1u of Cu2O [45] [65]. The next peak that we observe is at 214 
cm− 1. It has very low-intensity in the as-deposited thin film and in the 
annealed ones at 250, 350, and 450 ◦C [66]. This peak shifts to 216 cm− 1 

and largely grows in intensity for annealing temperatures higher than 
500 ◦C. It corresponds to the second order Raman-allowed mode 2Г12

− of 
Cu2O [45] [67]. The small peak at 436 cm− 1 in the 550 ◦C annealed 
sample can be ascribed to the combination of four phonon modes, 3Г12

−

+ Г25
− , of Cu2O [68-70]. The broad asymmetric peak at 428 cm− 1 visible 

in all the samples (with the exception of the 450 ◦C sample, in which for 
a reason that we are still investigating the modes coming from the 
substrate are not very visible) is ascribed to the acoustic modes of the Si 
substrate. The broad peak centred at 302 cm− 1 and visible at tempera
tures 250, 350, 500 and 550 ◦C is a second order mode of the silicon 
substrate. That peak is clearly distinguishable (due to its spectral shape 
and frequency) from the prominent peak at 294 cm− 1, visible in the thin 
film annealed at 450 ◦C, attributed to a second order overtone mode 
with A2u symmetry belonging to Cu2O [45]. We notice that this peak 
would also be compatible with the Ag mode of CuO when it is strained or 
nanostructured [69]. As indicated by the symbols in the figure, we have 
considered also this possible assignment because of the presence of 
grains in our thin films. The sample at 450 ◦C has a weak peak at 344 
cm− 1, which may be attributed to a Bg mode of CuO [46,71]. The peak at 
470 cm− 1 disappears at 500 ◦C and reappears weaker at 550 ◦C. The 
peak at about 635 cm− 1, whose frequency agrees with the 
infrared-allowed transverse optical mode of Cu2O with symmetry Г15

− , 
can be observed in a Raman scattering experiment as a result of 
selection-rules violation mechanisms [46,70,72]. We observe that this 
peak may be compatible with Bg mode of CuO and is interpreted as 
Raman-allowed optical phonon mode of CuO [73]. The samples 
annealed at 250 and 350, 500 and 550 ◦C show instead a peak at 624 
cm− 1 attributed to Cu2O [74]. Similarly to the XRD data, the Raman data 
point to a phase transition occurring at 450 ◦C that makes this a crucial 
temperature for the deposition process performed at 15% O2. Our results 
show that at low (15%) reactive deposition gas Cu2O can be obtained 

and this is the case also upon annealing at high temperature. 
We now turn our attention to the thin films sputtered at 23% oxygen 

partial pressure (Fig. 3b). Here, the increased thickness of the film 
screens the contribution of the Si substrate. This is expected for films 
made by highly absorptive materials, as copper oxides [21]. The 
as-grown film and the one annealed at 250 ◦C contain both oxide phases 
of CuO and Cu2O. Indeed, the spectra of these samples display an intense 
peak at 294 cm− 1 attributed to Cu2O (and possibly CuO as described 
before) [45,75]. The broad peak at 635 cm− 1 is interpreted as discussed 
above [46,70,73]. The moderate peak at 344 cm− 1 is CuO-related [46, 
71]. The low intensity peak at 145 cm− 1 is assigned to Cu2O as discussed 
above [45,65]. At 350 ◦C, there is a phase transition associated to ox
ygen diffusion. This is evident in the extra Cu2O signature peaks at 216 
cm− 1 and 416 cm− 1 (see, e.g., the appearance of the 216 cm− 1 mode at 
350 ◦C in Fig. 4a), as well as in the increase in intensity of the already 
present peaks at 294 cm− 1 and at 635 cm− 1, which become narrower 
and more intense. The intensity of the 294 cm− 1 mode increases even 
more for the subsequent annealing temperature of 450, 500 and 550 ◦C 
(see its intensity as a function of annealing temperature in Fig. 4b). 
While its frequency stays quite constant with temperature (it varies 
about 1 cm− 1, namely less than the spectral resolution), its intensity 
starts to increase at 350 ◦C due to the already discussed phase transition. 

Fig. 4. Intensity (red triangles) and FWHM (black squares) relative to the 216 cm− 1 phonon mode (panel 4a) and to the 294 cm− 1 mode (panel 4b) as extracted from 
the fits of the Raman spectra of the 23% O2 sample in Fig. 3b. The spectra were obtained in two different locations on the samples at a distance of ⁓50 µm, and the 
data in Fig. 4 represent the average of the results, with error bars coming from the semi-dispersion. 

Fig. 5. Stacked Raman spectra magnified in the frequency region of the Cu2O 
mode at 216 cm− 1 acquired on twelve different positions of the samples with 
15% (panel 5a) and 23% (panel 5b) O2 partial pressure annealed at 500 ◦C. 
Data were obtained by mapping the samples over an area of 6 × 6 µm2 with 
steps of 0.5 µm. Dashed lines mark variation in central frequency of the mode, 
which for a) is ⁓ 2 cm− 1 and for b) is ⁓ 1.2 cm− 1. Fluctuations in the intensity 
can be attributed to slightly different focusing conditions. 
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Furthermore, its FWHM, plotted in Fig. 4b, decreases, which points to an 
improved crystal quality for higher annealing temperatures. Conclu
sively, the correlation between XRD and Raman data shows that in the 
samples deposited with high oxygen ratio both oxide phases co-exist and 
that higher oxygen pressure at deposition favours CuO, while the 
annealing process in vacuum partially converts CuO to Cu2O. 

We investigated the homogeneity of the films by performing spatially 
resolved Raman measurements over several samples. In Fig. 5 we show 
the results on two representative samples. We plot the Raman spectra 
magnified in the frequency region of the mode at 216 cm− 1 measured on 
twelve different points, spaced from each other about 0.8 µm, of the 
samples annealed at 500 ◦C for both 15% O2 (panel 5a) and 23% O2 
(panel 5b) samples. The fluctuations in the frequency are small, lower 
than the spectral resolution, which points to a good homogeneity of the 
samples (at least on a scale larger than the laser spot) in this region (6 ×
6 µm2). The homogeneity over larger distances was also confirmed 
(indeed, Raman spectra were obtained in two different locations on the 
samples at a distance of ⁓50 µm, and the data in Fig. 4 represent the 
average of the results, with error bars coming from the semi-dispersion). 

3.3. Topographical studies 

KPFM in tapping mode and AFM were conducted on the samples 
grown at 23% oxygen to obtain the topography and their CPDs, 
respectively. The scanned area was 8 × 8 µm2 and the CPD was 
measured from ~110 mV to ~360 mV. In Fig. 6 we show AFM images in 
the top panels and their corresponding CPDs in the bottom panels. The 
height scale of all topography images was set to 0–200 nm. The insets in 
the AFM images display a 4 × 4 µm2 section of the original images with 
the optimal height scale. We observe an increase of grains sizes as the 
temperature increases, which is consistent with our SEM results. The 
Root Mean Square (RMS) surface roughness deduced from the AFM 
topography images for increasing annealing temperature are: 1.9 nm, 
1.8 nm, 6.2 nm, 5.1 nm, 10.9 nm and 28.3 nm. 

In the bottom panels, the CPD measurements show a nearly homo
geneous distribution up to an annealing temperature of 450 ◦C. Only 
above this temperature, we found regions with higher and lower CPD 
values correlated with higher and lower work functions, respectively. 
We suspect that these areas represent the co-existence of CuO and Cu2O 
crystals, since EDX, XRD, and Raman all pointed to the co-existence of 
these two phases at 23% oxygen partial pressure for these annealing 
temperatures. Generally, it is expected for Cu2O to have a lower work 

function than CuO (Φ[Cu2O] = 4.84 eV and Φ[CuO] = 5.32 eV [76]) 
which, however, depends also on crystallinity and doping concentration. 
This allows us to correlate the bright areas with remaining CuO segre
gating at 500 ◦C and vanishing for higher temperatures. The overall 
values of the work function would only be available for a calibrated tip 
[77]. AFM data of the samples with 15% oxygen are displayed and 
described in Fig. C.1 in Appendix C. 

CPD values have been obtained at three different positions on each 
sample for all annealing temperatures, as shown in Fig. 7. This statistics 
proves that tip changes or sample inhomogeneity’s are influencing only 
marginally the following conclusions. We observe an increase in the 
sample work function (measured as contact potential difference) of 
about 200 mV as temperature increases from room temperature to 
250 ◦C. This increase is probably due to the cleaning (reorganization of 
the surface due to annealing in vacuum) of the CuO surface. Further 
increase of the temperature shows an overall decrease of the work 
function most probably due to the increasing formation of Cu2O. There 
was a time lag between this investigation and the deposition and 

Fig. 6. AFM topography (top panels) and CPD (bottom panels) of thin films sputtered on Si substrates at 23% O2 partial pressure and annealed at different tem
peratures. The scanned area is 8 × 8 µm2. The height scale bar was adjusted to get Δz = 200 nm for the top panels, while the insets show a 4 × 4 µm2 region with the 
optimal height range. The AFM images show an increase in the RMS roughness as the temperature increases. 

Fig. 7. CPD values extracted at three different positions on each sample. The 
black squares, red circles and the blue triangles represent the different positions 
on the sample surfaces. The error bars come from the variations in measured 
values for the different positions of the thin films. 
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Fig. 8. AFM, CPD and SEM images of pristine films deposited at 23% O2 (top panels or 8a and 8b) and 15% O2 (bottom panels or 8c and 8d) showing crystallites 
growth. Top panels correspond to 21 months aging period and bottom panels to 15 months aging period. Samples were stored at room conditions. 

Fig. A.1. Cross-section SEM images of the thin films sputtered on Si substrates deposited at 23% (top panels, 1a-1f) and 15% (bottom panels, 1g-1l) O2 partial 
pressure and annealed at the indicated temperatures. Scale bars are 200 nm. 

Fig. A.2. Average thickness of thin films deposited at 15% (panel a) and 23% (panel b) O2 partial pressure and annealed at different temperatures. Thicknesses result 
from the cross section SEM images in Fig. A.1. Each average value comes from measurements on three different points of each sample. 
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vacuum annealing, thus we cannot rule out air contamination, and glove 
box annealing to remove residual water was not conducted. Generally, 
contamination by water homogenizes work function differences at sur
faces, therefore, we do not expect to see theoretical values for the work 
functions of CuO and Cu2O [76]. 

3.4. Investigation of aging effects 

Finally, we investigated the aging effects on the RF-magnetron 
sputtered film by comparing AFM, KPFM and SEM images taken 
immediately after deposition (see Figs. 1 and 6) with those obtained 
after a several months aging period at room conditions. Fig. 8a shows 
AFM and KPFM images, and Fig. 8b SEM images, of aged, non-annealed 
samples deposited with 23% oxygen (21 months aging). Fig. 8c shows 
AFM and KPFM images and Fig. 8d SEM images of the sample deposited 

with 15% oxygen (15 months aging). In the 15% samples, AFM and 
KPFM images show a dendritic morphology of the crystallites. These 
samples (as well as those annealed at 250 ◦C, shown in Fig. C.1), present 
crystallites on the surface, which were not present immediately after 
deposition. This clearly indicates the instability of copper oxide when 
not subjected to high temperature vacuum annealing. The samples 
annealed at higher temperature did not show this crystallite growth, 
even 24 months after their deposition, hence the higher annealing 
temperatures help to enhance the stability of these films. This aging 
phenomenon cannot be attributed to a reduced oxygen level in the film 
in the deposition parameters, since it is occurring for both oxygen partial 
pressures. We recommend that more studies are conducted in this re
gard, as very limited literature is available on the aging of copper oxide 
and no existing studies have shown crystallite growth as a sign of copper 
oxide instability, despite its importance for the development of long- 

Fig. B.1. EDX spectra of as-deposited and annealed at 500◦C thin films deposited at 23% (a,b panels) and at 15% (c,d) O2 partial pressure. The data were acquired in 
an area of 1 x 1 µm2. The signal coming from the Si substrate is evident, and it is higher in the thinner films (15% partial pressure). 

Fig. C.1. AFM topography of thin films sputtered on Si substrates at 15% O2 partial pressure and annealed at different temperatures. The scanned area is 8 × 8 µm2. 
The AFM images show an increase in the RMS roughness as the temperature increases only the sample at 550◦C shows again a very smooth surface. In contrast to the 
23% O2 sample in Fig. 6, here the as-deposited and the 250◦C samples show the presence of crystallites, discussed in section 3.4, because in this case AFM was 
performed several months after deposition. 
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standing photovoltaic devices. 

4. Conclusions 

In this work, we have grown copper oxide thin films at varying ox
ygen partial pressure (15 and 23%) and studied the effect of annealing in 
vacuum on the resulting films to study possible routes to yield pure 
phase cuprous oxide (Cu2O). With increasing annealing temperature, we 
observe the formation of large grains and the presence of porosity. The 
thin films’ structural properties were studied using Raman spectroscopy 
and X-ray diffraction; both techniques give consistent results, showing 
that the lower oxygen pressure at deposition favours the formation of 
Cu2O. In the high oxygen partial pressure sample,  annealing in vacuum 
favours the formation of Cu2O, as CuO is reduced to Cu2O when 
annealed at temperatures above the critical temperature of 350 ◦C. The 
Energy-dispersive X-ray spectroscopy composition analysis further 
supports the reduced oxygen content in these films. The homogeneity of 
the grown thin films was assessed using Raman mapping, as well as 
Kelvin Probe Force Microscopy (KPFM) measurements. Furthermore, 
KPFM measurements suggest that the CuO segregates and vanishes at 
annealing temperatures above 500 ◦C. Finally, we found that the pristine 
samples and those annealed at low temperatures displayed unwanted 
crystal growth when exposed to atmospheric conditions for a few 
months. Quite remarkably, annealing the samples prevented this un
wanted growth. The Scanning Electron Microscopy and Atomic Force 
Microscopy prove the stability of the films annealed at temperatures 
equal or higher than 350 ◦C. Our work could aid in the reliable and 
reproducible production of high quality Cu2O films for photovoltaic 
applications. 
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