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A B S T R A C T   

Lithium doped cuprous oxide (Cu2O : Li) films were deposited on quartz substrates by direct current magnetron 
reactive co-sputtering of copper and Cu : Li targets. X-ray diffraction (XRD), secondary ion mass spectrometry 
(SIMS), Rutherford backscattering spectrometry, UV-VIS transmittance, and room temperature Hall measure
ments have been conducted to characterize the deposited films. SIMS revealed Li concentrations in the range 2 ×

1018 − 5 × 1020 cm− 3 in the doped films. XRD confirms phase pure Cu2O for all doping concentrations. The 
doping concentration correlates with an increased free carrier density found from Hall effect measurements. The 
highest Li doping concentration results in low resistivity (4 Ωcm) p-type Cu2O with acceptor concentrations up to 
2× 1017 cm− 3.   

1. Introduction 

Cu2O is a p-type semiconductor with a direct bandgap of 2.1 eV and a 
high absorption coefficient. It is stable, abundant, non-toxic and has the 
potential for low cost production schemes [1]. Cu2O single junction solar 
cells have a theoretical efficiency of 19% [2]. Minami et al. has shown 
steep progress with a record efficiency of 8.1% in a bulk Cu2O absorber 
based device [3]. Further, the band gap makes Cu2O a candidate ma
terial for tandem solar cells, with an intriguing possibility as the top cell 
paired with a silicon bottom cell [4]. 

Cu2O can be deposited by most thin-film methods, e.g., electrode
position [5], molecular beam epitaxy [6], atomic layer deposition [7], 
radio frequency (RF) [8] and direct current (DC) reactive magnetron 
sputtering [9]. Magnetron sputtering and electrodeposition are most 
common in solar cell applications and is scalable for large scale pro
duction. Many known metal oxide semiconductors’ are prone to 
low-charge carrier lifetimes and carrier mobilities. This is especially 
valid in sputtered Cu2O based devices, which have yet to surpass effi
ciencies of 2-3% [10]. In Cu2O, this is likely due to poor defect control 
and low mobility, which results in the inability to control the p-type 
nature of Cu2O. The p-type conductivity is generally accepted to be due 
to persistent intrinsic acceptor states of copper vacancies (VCu), and 
so-called split-vacancies (VSplit

Cu ) [11–18]. 
Doping of Cu2O is widely explored, with transition metals, hydrogen, 

silicon, nitrogen, and more [19]. Most notably are the properties of 

nitrogen-doped p-type Cu2O, with low resistivity and the possibility of 
tuning the electrical properties of Cu2O [9,20]. There are no reports of 
viable routes to n-type conductivity in sputtered Cu2O films, and most 
dopants lead to an increase in acceptor concentration. Isseroff and 
Carter [18] presented Lithium (Li) as an isovalent substitutionary cation 
with similar ionic size of Li+ as that of Cu+. Density functional theory 
calculations suggest that Li doping can form VCu − Li complex in Cu2O. 
The optimal defect complex structure was identified as Li tetrahedrally 
coordinated to four oxygen atoms, similar to Vsplit

Cu , resulting in a large 
driving force to cluster [18]. Besides, Li at the interstitial site (Lii) can be 
expected to act as a donor. Thus, Li could be a route to passivate the high 
acceptor density in Cu2O. 

There is little literature on the effect of Li doping of Cu2O, with only a 
few studies reporting increased carrier concentrations and increased 
conductivity in doped films [5,21,22]. In this work we investigate the 
effect of Li doping with varied concentrations in Cu2O. Cu2O films were 
deposited on quartz substrates by reactive co-sputtering of pure copper, 
1% and 0.01% Li doped copper targets. Characterization of the films was 
carried out by X-ray diffraction (XRD), secondary ion mass spectrometry 
(SIMS), Rutherford backscattering spectrometry (RBS), UV-VIS trans
mittance, and room temperature Hall measurements (RTH). 

2. Experimental details 

Cu2O films were deposited on 1 × 1 cm2 fused silica substrates (t =
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500 μm) by reactive DC and RF magnetron co-sputtering in a Semicore 
Triaxis system. The fused silica substrates were cleaned for 1 min in 
Pirhana solution, rinsed in DI water, and subsequently ultrasonically 
washed in isopropanol for 5 min. The base pressure in the deposition 
chamber was below 2.7 ×10− 4 Pa (2 ×10− 6 Torr). Before deposition, the 
targets were pre-sputtered for 20 min, and then films were deposited for 
≃ 15 min at 400 oC. The samples were made with Cu (4N, AEM inc), CuLi 
(99:1 wt% AEM inc), and Cu:Li (99.99:0.01 wt% AEM inc) targets with 
varying powers on DC and RF to achieve different lithium content. A 
series of samples were deposited with varying oxygen flow for each 
batch to achieve optimal growth conditions and phase pure Cu2O. The 
sum of oxygen and argon mass flow rate was fixed at 50 sccm. Table 1 
contains detailed deposition parameters of the five phase-pure Cu2O 
samples with varying Li content selected for further characterization. 

Structural and compositional analysis was performed by a combi
nation of XRD, SIMS, and RBS. XRD was performed on a Bruker AXS D8 
Discover system, Cu Kα1 radiation (λ = 1.54 Å) scanned over the angles 
20∘ to 80∘ 2θ. SIMS measurements were done in a Cameca IMS7f 
microanalyzer with O+

2 primary ions at 10 keV. RBS analysis was per
formed with 1.62 MeV 4He+ ions backscattered into a detector placed at 
165∘ relative to the incident beam direction. Analysis of the RBS spectra 
was performed using simulation with the SIMNRA code [23]. Optical 
data were obtained from transmission measurements employed in the 
spectral range of 290-2500 nm with an integrating sphere on a Shimadzu 
SolidSpe-3700 DUV spectrophotometer. RTH was performed in a Lake
Shore 7604 setup in the Van-der Pauw configuration. Contacts were 
prepared by soldering Ag wires onto the samples’ corners with indium 
(contact size, d ≃ 1 mm). 

3. Results and discussion 

XRD patterns in Fig. 1 indicate that all films are crystalline and 
single-phase Cu2O with no detectable peaks from CuO or Cu. All samples 
except #4 are dominated by the Cu2O 111 reflection at 36.5o. In sample 
#4, both the 111 reflection and 200 reflection at 42.3o are similarly 
visible, indicating a less directional growth along the [111] direction. 
Cu2O preferred growth orientation is sensitive to O2 partial pressure and 
total pressure during deposition [24,25]. O2 flow was adjusted for each 
sample to suit the target configuration and power applied for the 
different Li concentrations. The difference in the preferred orientation of 
sample #4 is likely due to the lower oxygen partial pressure during 
deposition. Measurement of clean fused silica substrate was performed 
to rule out background peaks, and these are marked by asterisk in Fig. 1. 
The crystallite size is estimated by the Scherrer’s formula given by 
Dastan et al. [26], Dastan [27], Dastan et al. [28], Jafari et al. [29], Zhou 
et al. [30]: 

D =
Kλ

βCosθ
(1)  

where D is the crystallite size, K the Scherrer constant (0.94), λ =

0.1543 nm the X-ray wavelength, and θ the FWHM from a gaussian fit on 
the 111 peak in radians. Dp deduced from the 111 peak gives crystallite 
sizes of 30-50 nanometer for the different films without any apparent 
doping concentration trend. Slightly larger than the report of 14–20 nm 
crystallites in RF sputtered Cu2O films by Gan et al. [8]. The crystallite 
size deduced from the Scherrer equation should be used cautiously with 
sputtered films. The equation is designed for spherical powder samples. 
Non-spherical shape of the crystallites, stress/strain, non-uniform crys
tallite sizes, and other peak broadening effects will impact the analysis. 

Fig. 2 shows the measured optical transmission spectra for wave
lengths from 290 to 2500 nm for the Cu2O and Cu2O : Li films. The 
spectra show no apparent features emerging from Li doping, and high 
optical transmittance of 85-90 % is observed in all samples. High ab
sorption is indicated by the clear decline towards zero transmittance for 
energies above the lowest allowed optical transitions at ≃ 470 nm 
(Γ+

7 →Γ−
8 ) [1,31]. The interference fringes indicate that sample #1 has a 

lower thickness than samples #2-5. SIMS measurements (Cu65 signal) 
confirms this, where sample #1 has a thickness of 290 nm compared to 
about 400-500 nm for sample #2-5. The study of Malerba et al. found 
that the absorption coefficient in Cu2O includes various contributions 
from direct, forbidden, and indirect transitions, and therefore Tauc 
analysis is not a reliable way to determine the gap of Cu2O samples [32]. 
However, Tauc analysis has been employed to investigate the effects of 
Li doping in Cu2O (Fig. 3).The optical band gap was deduced through 
the relation [33–35]: 

(hvα)1/n
= A

(
hv − Eg

)
(2)  

where h is Planck’s constant, f is the photon frequency, α the absorption 
coefficient, T the transmittance in %, and A a proportionality constant. 
In this work, we have used the exponent n equals 1/2 for direct allowed 
transitions. The deduced optical gaps are listed in Fig. 3, giving a mean 
optical gap of 2.55 ± 0.1 eV, and there is no significant change in the 
optical gap with Li doping. 

Lithium concentration vs. depth profiles as measured by SIMS are 
shown in Fig. 4. Significant Li concentrations are detected in all the 
doped films (#2-5), while the undoped sample, #1, has Li concentration 

Table 1 
Deposition parameters during the growth of the Cu2O films.  

Sample #1 #2 #3 #4 #5 

Cu target  DC 100 
W 

- DC 
100W 

DC 
100W 

- 

Cu : Li target [99.99/ 
0.01 wt%]  

- DC 100 
W 

- - - 

Cu : Li target [99/1 wt 
%]  

- - RF 10W RF 50W DC 
100W 

Argon flow [sccm] 40.5 41 44.7 45.5 44.5 
Oxygen flow [sccm] 9.5 9.0 5.3 4.5 5.5 
Temperature [oC]  400 400 400 400 400 
Rotation [RPM] 12 12 12 12 12 
Base pressure [1 ×

10− 4Pa]  
2.7 2.7 2.7 2.7 2.7 

Deposition time [min] 15 15 15 15 15 
Thickness [nm] 290 380 390 470 430  

Fig. 1. θ − 2θ XRD pattern of Cu2O (#1) and Cu2O : Li films with increasing Li 
content (#2-5). Asterisk mark peaks stemming from the background scan. 
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below the detection limit (< 1× 1015 cm− 3). Samples #2, 3 and 4 have 
uniform Li distribution throughout the film depth, with average con
centrations of 1.9 × 1018 cm− 3, 7.0 × 1018cm− 3, and 2.0 × 1020 cm− 3, 
respectively. It is important to note that in sample #5, there is a Li 
gradient towards the surface before averaging out at a mean concen
tration of 5 × 1020 cm− 3 after about 80 nm. Also, there is a drop in the 
copper signal (not shown) towards the surface, corresponding well to 
the Li-enriched region’s depth. 

It is believed that Li concentration in the near-surface region may be 
so high that stoichiometry of this layer is altered, and determination of 
the exact Li content in this layer may be challenging due to matrix ef
fects. Supporting the SIMS results, the thin O-rich and Cu deficient 
surface layer formation is also confirmed by RBS results as illustrated by 
Fig. 5 showing RBS spectra of the undoped (#1) and Li-doped (#5) 
samples. It might be seen that for sample #5, the Cu edge is shifted 
towards the lower channels compared to the Cu surface position indi
cated by the arrow, and there is a small bump in O content (the channels 

165-175). These observations may indicate a formation of a thin oxide 
layer at the film surface. According to simulations (see the solid line in 
the figure), the thickness of this layer is estimated to be ≃ 25 nm. It 
should be noted that although the Li signal is not seen on the RBS spectra 
due to its low atomic mass, the involvement of Li atoms in this surface 
layer can not be excluded. According to simulations, the films have a 
near stoichiometric composition of Cu0.66O0.34 and Cu0.65O0.35 for sam
ples #1 and #5, respectively. An electrical characterization by RTH 
measurements was conducted to determine carrier type, density, 
mobility, and sample resistivity (Fig. 6). The resistivity decreases by 3 
orders of magnitude for the samples with high Li content. The decrease 
in resistivity can be attributed to an increase in acceptor concentration 
in the highly doped samples. A drop in carrier mobility accompanies 
this, however mobility above 10 cm2 /V s is retained in all samples. 

The increase in carrier concentration correlates with a high Li con
centration in the samples. The origin of the acceptor increase is not 
clear. Li is an isovalent dopant and not expected to increase the acceptor 
concentration directly but to passivate acceptor states originating from 
copper vacancies, i.e. Li+i + V−

cu→LiCu, which would lead to a decrease in 
p-type doping. The high acceptor concentration and previous studies 
contradict the model where VCu is the primary defect responsible for the 
persistent p-type of Cu2O [5,21,21,22]. One can speculate that 

Fig. 2. Transmittance of Cu2O (#1) and Cu2O : Li films with increasing Li 
content (#2-5). 

Fig. 3. Tauc plot of the Cu2O (#1) and Cu2O : Li films (#2-5) deduced from the 
transmittance spectra in Fig. 2. The optical bandgap is extracted by extrapo
lation to the abscissa (dashed lines). 

Fig. 4. SIMS depth profiles of the Cu2O (#1) and Cu2O : Li films with increasing 
Li content (#2-5)., with Lithium concentration vs. depth. 

Fig. 5. RBS spectra of the undoped (#1) and Li-doped (#5) Cu2O films. The 
surface positions of Cu and O atoms are shown by the arrows. The results of the 
simulations performed with the SIMNRA code are shown by the solid lines, 
while the films’ obtained composition is plotted in the legend. 
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hydrogen’s role should be considered, similar to the explanations of 
persistent n-type in ZnO [36,37]. A possible explanation for the increase 
could be that Li passivates a compensating donor in Cu2O. This would 
explain the increase in apparent carrier concentration at room temper
ature. Finally, one cannot rule out the formation of other unknown de
fects due to Li doping in Cu2O. 

4. Conclusion 

Phase pure Li doped Cu2O films have been deposited by reactive 
magnetron co-sputtering of Cu and Cu:Li doped targets. Cu2O : Li films 
with Li concentrations of 1018 − 1021 cm− 3 retain their phase, relatively 
high mobility, and transparency in all investigated samples. However, a 
thin Cu lean and Li-rich surface layer is observed in the highest doped 
sample (≃ 1wt% Li). The isovalent Li dopant was proposed to reduce 
acceptor concentration by passivating VCu. However, increased carrier 
density with increased Li doping concentrations is observed. The highest 
doped sample exhibits a high carrier concentration (1.2 × 1017 cm− 3), 
low resistivity (4 Ωcm), and mobility of 13 cm2/Vs. 
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