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Oxide thin-film photovoltaic devices are promising for renewable energy 
applications due to their low material usage, inexpensive manufacturing potential, 
and low electrical resistivity. The variation of lithium concentration shows significant 
effect on the Cu2O layer properties. The morphology, structural, optical and 
electrical properties of the Cu2O thin films were investigated. As the result, by using 
the variation of lithium doping concentration. Li doped Cu2O thin films with high 
crystallinity combined with optical and optimal electrical properties can be 
synthesized. Lithium doping with 0.15 M, results obtained compact structure with 
crystallite that were 53.11 nm in sizes, and superior electrical properties for carrier 
concentration and resistivity with value of carrier concentration at 3.78 x 1021 /cm3 

and resistivity at 5.58 x 10-5 Ω.cm respectively. The findings suggest that Li doping 
can be an effective strategy to improve the performance of photovoltaic devices by 
reducing resistivity and increasing carrier concentration while potentially enhancing 
charge carrier transport within the material. 
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1. Introduction 
 

Cuprous oxide (Cu2O) is regarded as a promising p-type semiconductor material in photovoltaics, 
photocatalysis, and optoelectronics due to its stability, ease of preparation, abundance in nature, 
non-toxicity, and visible-light activity with a direct bandgap of 2.0~2.6 eV [1- 3].  Cu2O is a metal oxide 
semiconductor material with a cubic crystal structure. It is a p-type semiconductor material with a 
lot of application in solar cells. Copper oxide thin films have been made using a variety of physical 
and chemical processes including nebulizer pyrolysis [4], thermal oxidize copper sheet [5], magnetron 
sputtering [6,7], spin coating [8], and electrodeposition [9,10] method have recently been reported.  
Electrochemical deposition is one of the most basic and low-cost techniques: it is adaptable and 
highly efficient for large-area device production [11]. Furthermore, the electrochemical parameters 
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and the composition of the electrolytic solution can be tweeted, providing for greater control over 
the film thickness, morphology, and nature of the thin films produced, making electrodeposition 
more desirable. Moreover, single-phase Cu2O thin films can be produced by changing all 
electrodeposition parameters [12]. 

Furthermore, the smaller grain size of the Cu2O oxide thin film may alter electron transportation, 
leading to recombination loss before an electron enters the excited state, which directly reduces the 
efficiency of the photovoltaic device [13]. Lachinov et. al also discovered that doping the element in 
the Cu2O thin films increased the electrical conductivity along the interface greatly, not by raising the 
concentration of charge carriers, but by increasing their mobility [14].  The microstructure also can 
be altered by doping with several elements. In addition, doping in cuprous oxide with insoluble 
impurities of dopant in thin film solar cells increases the potential of turning its energy band gap 
[15,16] and also can change the microstructure of the thin film. 

In this work, we investigate the functional properties of undoped and Li doped Cu2O thin films 
with variety of doping concentrations by electrodeposition method. We offer a thorough 
investigation of the morphological, structural, optical, and electrical characteristic of undoped and Li 
doped Cu2O thin films using a variety of specialized characterization techniques, including FESEM, 
AFM, XRD, UV-Vis, and HALL Effect measurement. Our research has shown that controlling the doping 
concentration during deposition is essential for achieving the best possible thin film physical 
characteristics. 
 
2. Methodology  
2.1 Preparation of ITO Substrate Glass 

 
The ITO glass (~10 mΩ) with dimension of 2 cm x 1 cm x 0.75 mm (l x w x t) was chosen as a 

substrate. Before the electrodeposition procedure, the ITO glass was split into two areas; deposited 
and non-deposited area, and then soaked in acetone for around 2 minutes (min). The glass substrate 
was then rinsed with deionized water before being dried with pressurized air. 
 
2.2 Electrodeposition Undoped and Li Doped Cu2O Thin films 
 

The electrodeposition of Cu2O thin films was performed in a two-electrode, with a Pt wire as the 
counter electrode and ITO substrate glass as the working electrode. A platinum wire is used as an 
anode since it cannot be oxidized as a cathode. The Cu2O electrolyte solution was made by dissolving 
79.86 g of 99 % copper (II) acetate monohydrate (C4H10CuO6) (Kanto Chemical Co., Inc.), 270.24 g of 
85~92 % lactic acid (C3H6O6) (Kanto Chemical Co., Inc.), and 210 g potassium hydroxide, KOH (Kanto 
Chemical Co., Inc.) with chemical purity 86 % into 500 ml of ultrapure water (UPW) at ambient 
temperature. All aqueous solutions used here were prepared with a water purification system by a 
Milli-Q IQ 7003. The pH of the solution was adjusted to 12.5 by adding KOH. The deposition 
parameters for the electrodeposition process are shown in Table 1. In starting solution for Li doped 
Cu2O thin films, 95% pure magnesium hydroxide (Acros Organics) was formulated as 0.05 M, 0.10 M, 
0.15 M, and 0.2 M of Li doping on Cu2O.  
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Table 1 
Electrodeposition parameter undoped and Li doped Cu2O  
Deposition parameters                                                               Values 

Current (mA) 2.0 
Voltage (V) 1.0 
Bath temperature (⁰C) 45.5 
Solution temperature (⁰C) 40.0 
pH value 12.5 
Deposition time (min) 3.0 

 
2.3 Characterization of Analysis 

 
The morphology of undoped Cu2O and Li doped Cu2O on ITO glass substrate was observed by 

FESEM (Leo 1525) with 20x to 70x magnification and 7 kV of accelerating voltage. Next, the optical 
properties of thin films were observed by UV-Vis (Perkin ELMER LAMBDA 950 Series) in the 
wavelength range of 200-800 µm referenced to the air. For electrical properties of thin film were 
observed by HALL Effect Measurement (ECOPIA HT55T3) with current 5 mA, and diameter 0.1 µm to 
measure the carrier concentration, mobility carrier, and resistivity.         

               
3. Results  
3.1 The Appearance of Undoped and Li Doped Cu2O Thin Films  
 

The schematic illustration of Li doped Cu2O on ITO substrate is shown in Figure 1. The Cu2O layer 
was deposited on ITO substrate with different concentrations of 0.05 M, 0.10 M, 0.15 M, and 0.2 M 
Li. Figure. 2 depicts the physical appearance of Cu2O layer before and after doping with various 
concentration of Li. After depositing undoped and Li doped Cu2O on the clear ITO substrate, the color 
changes to a homogeneous light brown. There are no discernible differences in the appearance of 
Cu2O thin films with increasing Li doping concentrations. 

 
Fig. 1. Illustration cell configuration of Li doped Cu2O on ITO substrate glass  

 

 
Fig. 2. The appearance of (a) undoped, (b) 0.05 M, (c) 0.10 M, (d) 0.15 M, and (e) 0.20 M Li doped Cu2O  
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3.2 Surface Morphology of Undoped and Li Doped Cu2O Thin Films 
 

The surface profile directly affected the property of materials and was an important parameter. 
Therefore, to observe the shape evolution of morphologies of Cu2O microcrystals. Figure 3 shows the 
morphology of undoped Cu2O thin film. The Cu2O grains show a pyramid-like structure with an 
apparent uniform and compact. Figure 4 shows the morphology of Li doped Cu2O thin films with 
different dopant concentrations. The Li doped Cu2O grains show a porous pyramid shape with an 
apparent uniform structure. The grain size change within the among of doping concentration. The 
pyramid shape with uniform structure was observed at 0.05 M, 0.10 M, and 0.20 M Li doped Cu2O, 
while 0.15 M shows the structure with porous structure and pyramid shape of Cu2O was changed to 
another shape like a sphere. The explanation was that the stress existed in the grains that changed 
the structure of grains after doped with Li [16].  
 
3.3 Structural Properties of Undoped and Li Doped Cu2O Thin Films 
 
      The crystal structure and orientation of Li doped Cu2O on ITO substrate glass were investigated 
using X-ray diffraction (XRD). Figure 5 shows the XRD patterns for the deposited Cu2O layer with 
different concentrations of Li doping. The deposited Cu2O thin films revealed orientation which was 
indexed to (111) at 36.4⁰ of diffraction peak, with secondary peak corresponding to the (200) 
reflection at 43.0⁰ of diffraction peak for all doping concentrations on the Cu2O layer. The Cu2O 
orientation was corresponding to the cubic pattern (PDF 01-071-3645). Whilst, the peak for CuO 
could be seen after doping on the Cu2O layer. The peak of CuO was indexed to (002) at 35.5⁰ of 
diffraction peak. The additional peak of CuO compound (202) at 47.3⁰ is observed for undoped, 0.05 
M, 0.10 M, and 0.15 M Li doped Cu2O. The CuO region was existed due to the voltage that used in 
electrodeposition process that was mentioned in table Cu2O water system. No other peaks related 
to Li phases was found, indicating that secondary phases were not present in the produced thin films.  
       Additionally, with doping concentrations between 0.05 M and 0.20 M, the (111) and (200) peaks 
in the undoped and Li doped Cu2O thin films exhibit a substantial increase in intensity. We detect a 
sharp decline in crystallinity, as shown for the thin films produced at 0.10 M, as shown by a reduction 
in the intensity of the (111) peak and the highest peak of (002). A 3 x 3 x 3 Mg doped Cu2O supercell’s 
ionic relaxation produced a theoretical XRD pattern that, it should be emphasized, is well congruent 
with the peak locations [17].    
 

 
Fig. 3. Morphology structure of undoped Cu2O 
by FESEM  
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Fig. 4. Average grain size of (a) 0.05 M, (b) 0.10 M, (c) 0.15 M, and (d) 0.20 M Li doped Cu2O  

 
       In addition, the crystallite size was obtained from the analysis of the X-ray Diffractometer using 
Scherrer’s Eq. (1) [18], 
  

Scherrer Formula D = 
𝑲𝝀

𝛃 𝐜𝐨𝐬𝜽
                                                                                                                             (1) 
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Where, the Scherrer constant is -D, the wavelength of XRD is -λ, the FWHM -β, and the peak position 
-θ. Table 1 shows the size of the crystallites from 0.05 until 0.15 M decreased from 43.98 nm to 25.87 
nm and then increased to 42.26 nm at 0.2 M. The effect of the lithium content seems especially visible 
in the layer, 0.1 M of Li, where the crystallite size compatible with the observations by AFM shows 
that the grains are more compact than other concentrations. 
 
3.4 Optical Analysis of Undoped Cu2O and Li Doped Cu2O Thin Films 
 
      The optical parameter of all the samples was observed in the range of 300 to 800 nm at room 
temperature as shown in Figure 6. The Cu2O layer exhibited an absorption edge around 600 nm, the 
interference fringe pattern was clearly detected at wavelength around 600 nm, confirming the 
production of a homogenous Cu2O layer with a distinctive bandgap energy of 2.1 eV [19]. At 
wavelength of 500 nm, the higher absorption was obtained by 0.1 M Li doped Cu2O, followed by 
undoped, and other concentration which are 0.05 M, 0.15 M and 0.2 M. Absorption performance 
mainly depends on certain factors, such as lattice strain, film thickness, insufficient oxygen, and 
particle size of the samples [20]. The lithium incorporation inside the Cu2O lattice structure 
establishes an impurity level (acceptor level) above the valance band. As the concentration of 
impurities increased the wavefunction of electrons bound to the impurity atoms starts to overlap 
and then forms an energy band rather than a discreet impurity level and then can enhance the 
absorption coefficient. The all absorbance of visible light shows the same pattern for undoped and Li 
doped Cu2O. 

 
Fig. 5.  XRD pattern of undoped and Li doped Cu2O thin films 

 
As shown in Table 2, following the Li doping, a decrease of the band gap value with respect to 

undoped Cu2O thin film is reported. This observation can be put into perspective with the lower 
absorbance values obtained with the lower doping concentration. However, as Li doping into Cu2O, 
the band gap increases from 2.10 eV to 2.45 eV at 0.15 M Li doped Cu2O. The widening of the band 
gap of the thin films could be attributed to the Moss–Burstein effect (also known as Bur- stein–Moss 
shift, or BM shift) linked to the high carrier concentration leading to the degeneration of the 
semiconductor. This phenomenon gives rise to an increase of the apparent band gap value. 
Therefore, in our work, the change of the optical bandgap of the Cu2O thin films with the Li doping 
concentrations could be triggered by the increase of the carrier concentration [21,22]. 
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Table 2 
Average grain size, crystallite size, and band gap of undoped and Li doped Cu2O 
Samples  Dopant concentration (M) Average Grain size (nm) Crystallite size (nm) Energy band gap 

a Undoped  84.18 41.78 2.10 
b 0.05 245.29 87.79 2.30 
c 0.10 231.24 42.38 2.25 
d 0.15 157.12 53.11 2.45 
e 0.20 375.41 57.45 2.41 

 
        The optical band gap energy (Eg) of the undoped and Li doped thin films were calculated from 
the absorption spectra using the variation of the absorption coefficient (α) with photon energy 
according to the following Eq. (2), 
 

(𝛼ℎ𝑣)
1
𝑝⁄ = 𝐴(ℎ𝑣 − 𝐸𝑔)                                                                                                                                     (2) 

 
Where, 𝐸𝑔 is the optical band gap, A is a constant, h the Planck constant, ν the frequency of the 

incident photons, and exponent p is the transition probability. For p=1/2, the transition is direct and 
allowed; for p = 2, it is indirect and allowed, and for p = 3/2, it is direct and forbidden. The values of 
the optical energy gap were estimated by extrapolation of the linear portion of the graph plotted 
between hν and (αhν). 
         

 
Fig. 6. Absorption spectrum of undoped and Li doped Cu2O thin films  

 
3.5 Electrical Analysis of Undoped and Li Doped Cu2O Thin Films 
 

The carrier concentration, mobility carrier, and resistivity of electrodeposited undoped and Li 
doped Cu2O thin films were analysed using Hall effect measurement. Table 3 shows the result of Hall 
effect measurement of the undoped and Li doped Cu2O.  

An electrical characterization by Hall effect measurements was conducted to determine carrier 
concentration, mobility, and sample resistivity shown in Figure 7. These parameters play a crucial 
role in determining the material's conductivity and overall electrical performance. First, it is 
important to note that all Cu2O thin films have a p-type semiconducting characteristic. The findings 
provide insights into the potential suitability of Li doped Cu2O thin films for specific electronic or 
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magnetic device applications. In a study by Nyborg et al., [24] highly doped Cu2O films showed a 
significant decrease in resistivity by three orders of magnitude. However, this decrease in resistivity 
was accompanied by a decrease in carrier mobility. The presence of high Li content in the samples 
was discovered to passivate acceptor states generated from copper vacancies, raising carrier 
concentration [23]. These results align with the current study, where Li doping exhibited similar 
effects on resistivity and mobility, with the sample doped at 0.2 M Li concentration showing the 
optimal values in both parameters [24]. The carrier mobility decreases as a result of this, but mobility 
greater than 10 cm2/Vs is maintained in all samples. One possibility for the rise is that Li passivates a 
compensatory donor in Cu2O. This would explain why the apparent carrier concentration increased 
at room temperature. Furthermore, Li doping in Cu2O could lead to the emergence of further 
unidentified flaws. 

Overall, the comparison with these studies supports the notion that Li doping has a significant 
influence on the electrical properties of semiconducting materials. The differences in mobility carrier, 
carrier concentration, and resistivity observed in the current study align with the findings of previous 
research. The electrical characterization validates the pattern that was previously mentioned and 
highlighted in the analysis of the structural properties of the thin films. The increase in electrical 
conductivity is likely brought about by the Li doped Cu2O thin films improved crystalline quality and 
compact grain sizes. The fewer pores, which act as traps for free holes and barriers for hole transport 
in thin films, are produced by the larger and more compact grain size. As a result, an increase in the 
size of the grains and a decrease in porosity lead to an increase in overall electrical conductivity [25]. 
This is further supported by the improvement in crystallinity that the XRD data indicated.  

In our study, the layer deposited with 0.15 M Li doping has the highest grains quality with the 
lowest resistivity value of 5.58 x 10-5 Ωcm, corresponding to a highest charge carrier concentration 
3.78 x 1021 cm-3 and lowest mobility carrier 2.96 cm2/vs, respectively. According to findings from 
earlier studies, the reduced hole mobility with increasing plasma pressure may be directly related to 
increased charge carrier dispersion brought on by an increase in defect concentration [26] . We also 
note that the resistivity of the undoped and Li doped thin films achieved lowest than other 
researchers which is by a factor negative 5.  

 
Table 3 
Analysis result of HALL effect measurement of the undoped and Li doped Cu2O 
Concentration of Li 
doping (M) 

Carrier concentration  
x 1021 (/cm3) 

Mobility carrier  
x 10 (cm2/vs) 

Resistivity  
x 10-5 (Ωcm) 

Undoped  3.01 3.56 5.83 
0.05  2.92 3.57 5.98 
0.10 3.48 3.17 5.66 
0.15 3.78 2.96 5.58 
0.20 2.97 3.59 5.87 
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Fig. 7. Carrier concentration, mobility, and resistivity for undoped, 0.05 M, 0.10 M, 0.15 M and 0.2 M Li 
doped Cu2O  

 
4. Conclusions 
 

The Li doped Cu2O/ITO was created through the electrodeposition of a p-Cu2O layer on the ITO 
substrate followed by the formation of doping Li at various concentrations. The Cu2O layer was 
formed on an ITO substrate using an electrodeposition method in an alkaline aqueous solution 
containing copper (II) acetate and lactic acid. The structural result shows that Li doped Cu2O films 
possess a pyramid structure and polycrystalline nature with (111) and (200) preferred orientation, 
and the formation (002) and (202) of CuO were observed.  AFM revealed that increasing the dopant 
concentration changed the grain size of the structure due to stress that existed in the crystals after 
Li doped Cu2O. The Hall Effect results showed that Li doped Cu2O improved the electrical 
characteristics of Cu2O at certain concentrations in terms of bulk concentration, mobility, and 
resistivity with 0.15 M Li doped Cu2O showing superior electrical properties for carrier concentration 
and resistivity with value of carrier concentration at 3.78 x 1021 /cm3 and resistivity at 5.58 x 10-5 Ω.cm 
respectively. The findings highlight the potential of p-Li doped Cu2O thin films to enhance 
photovoltaic device performance. Further research is recommended to evaluate the performance 
and stability of these thin films in actual device structures. Optimization of doping concentration and 
deposition parameters can be explored for even better performance. Long-term stability studies 
under different environmental conditions would provide insights for practical applications. 
Furthermore, investigating the influence of other doping elements, such as Sodium or Aluminum, on 
the electrical and optical properties of Cu2O thin films can contribute to a better understanding of 
their impact on device performance. These advancements can lead to more efficient and sustainable 
renewable energy generation systems. 
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