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Abstract 

The present study deals with CuGaSe2-thin-films for solar cell applications. With the aim of achieving 

chemically and structurally homogeneous CuGaSe2 layers, it is proposed a modified co-evaporation 

process, which implies two so-called relaxation sequences during films growth. The resulting layers are 

characterized by scanning electron microscopy and Raman spectroscopy. By comparing their 

characteristics with those of CuGaSe2 grown without relaxation sequence, it is demonstrated that the 

modified process yields improved distribution of elements throughout the whole layer. The performance 

of the resulting solar cells is improved exclusively through increased quantum efficiency in the large 

wavelengths; further output voltage increase would require alternative junction partners.  

Keywords:  Copper gallium di-selenide; Co-evaporation process; Thin films; Wide band gap; Copper 

ratio; Physical vapor deposition 

1. Introduction 

Solar cell technology based on polycrystalline CuIn1-xGaxSe2 (CIGSe) chalcopyrite thin film has reached 

an outstanding level of energy conversion efficiency [1]. A major interest of CuIn1-xGaxSe2 

semiconductor remains its band gap tunability with x; it can indeed be varied from Eg=1.04 eV (x=0, 

CuInSe2) through Eg=1.68 eV (x=1, CuGaSe2) [2,3]. This wide range of achievable band gap energies 

yields these materials receiving a growing attention as potential partner in multi-junction solar cell 

technology as well as materials for the development of advanced concepts [4]. In particular, the 
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compound showing the widest band gap (Eg), namely CGSe with Eg close to 1.7 eV, appears to be a 

good candidate as top cell material for tandem applications combined with the already mature c-Silicon 

technology [4]. 

Up to date, the best efficiencies are achieved from narrow band gap CIGSe (22.6 % [1]), corresponding 

to x lower than 0.4. This experimental fact is in contradiction with the theoretical expectations, which 

predict optimal performance for x~0.7 (Eg close to 1.4 eV). Many studies showed that when x>0.4, the 

open circuit voltage (Voc) does not follow a linear increase with x, which results in lowered device 

performance [5]. So far, the best In-free CGSe-based cell efficiency ever reported does not exceed 

11.9 % [6]. For more than two decades, numerous models were proposed to explain the hindered 

performance at  large x. Basically, the reasons given are i) the existence of Cu-enriched grain boundaries 

[7], ii) the cliff-like CIGSe/CdS interface band structure [6,8,9] and iii) the increased concentration of 

the trap states within the bulk of the film [10,11]. 

Several experimental investigations on so-called wide gap (x between 0.5 and 1) C(I)GSe layers report 

on the presence of detrimental Cu-enriched secondary phases within the bulk [12,13] of the film, as well 

as at the grain boundaries; whereas none of these phases are detected within narrow band gap (x < 0.4) 

CI(G)Se layers [7,14,15]. These observations contrast with the phase diagrams of the ternary [16,17] 

(CISe, CGSe) and quaternary [18] (CIGSe) compounds, which suggest a homogeneous chalcopyrite 

structure close to the stoichiometry (i.e. no co-existence of both Cu-rich and Cu-poor secondary phases). 

The origin of this contradiction between experimental observations and phase diagrams probably origins 

from the fact that CIGSe thin films growth (whatever the technique) takes place under non-equilibrium 

conditions. In addition, studies on CISe and CGSe reaction kinetics [19–22] relate that the activation 

energy of CGSe is almost two times larger than that of CISe; which, at a given temperature, yields much 

slower CGSe formation compared to CISe. Therefore, to overcome local inhomogeneities issues in wide 
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band gap C(I)GSe, and thereby expect improved solar cell performance, one needs to adapt the CIGSe 

deposition process to both the thermodynamic and kinetic needs of the high Ga-containing absorbers. 

Up to now, most of the reports relative to chalcopyrite thin film growth process focus on narrow gap 

CIGSe. The present study aims at re-investigating a three-step co-evaporation process to achieve 

structurally and chemically homogeneous CGSe absorber layer. Our approach relies on reaching 

thermodynamic equilibrium by applying relaxation sequences during key-steps of the growth. The local 

inhomogeneities/secondary phases throughout the resulting CGSe layers are investigated by means of 

micro-Raman spectroscopy at excitation wavelength close to CGSe band gap. 

The paper is organized as follows: Section 2 describes the experimental methods used for the synthesis 

and characterization of the layers and related solar cells. The results are presented in the section 3 and 

further discussed in section 4. Conclusions are drawn in the final section. 

 

2.  Experimental 

2.1 CGSe co-evaporation process and solar cells fabrication 

In this study, thin-film solar cells consist of the following layers stack Mo/CGSe/CdS/ZnO/ZnO:Al 

deposited on 1 mm-thick soda-lime glass (SLG) substrate. CGSe absorbers are co-evaporated from 

elemental sources using the sequential CuPRO process. This latter, originally proposed by J. Kessler 

[23] is a modified 3-stage process, which herein consists in keeping the gallium flux constant and 

varying copper flux so that the nominal composition of the growing film follows Cu-Poor/Cu-Rich/Cu-

Poor transitions [23]. The Cu-poor and Cu-rich compositions correspond to � = ����/��	� < 1 and � >

1 respectively.  The targeted final composition of the films corresponds to copper to gallium ratio close 

to 0.9, and layers thickness is 1.6 µm. During the whole deposition process, (i) a strong excess Se flux 

compared to metal fluxes (ΦSe/ΦMetals > 20) is provided, and (ii) SLG/Mo substrates temperature is kept 

constant at 580°C. 
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To remove eventual copper-selenide and gallium-oxide secondary phases from CGSe surface, all 

SLG/Mo/CGSe structures were chemically etched using a 0.1M KCN aqueous solution [24] for 5 min at 

room temperature. The etched samples were then rinsed with deionized water before being covered with 

40 nm-thick CdS buffer layer deposited by chemical bath deposition (CBD). For more information about 

the CBD process see references [8,25,26]. Finally, a window consisting of ZnO(50 nm)/ZnO:Al(150 

nm) bilayer was RF-sputtered from ceramic targets, and metallic (Ni/Al/Ni) grids designed for 0.5 cm² 

solar cells were electron beamed through a shadow mask. These completed devices were annealed in air 

for 2 min at 200 °C.   

In this study, a modified CuPRO process (CuPRO(M)) was also investigated; it consists in applying two 

so-called relaxation periods during the following key-steps of the deposition process: after the growing 

films turned Cu-rich (i.e. at the end of the 2nd stage), and when the growth is completed (i.e. at the end of 

the deposition process). During each of these relaxation periods, all sources are shuttered for 30 min 

while substrates kept at 580 °C. The characteristics of all investigated samples are described in Table I. 

 

2.2 Characterization methods 

The elemental composition of the CGSe layers was measured by EDS (X-ray Energy Dispersive 

Spectroscopy) using a JEOL JSM 5800LV scanning electron microscope (SEM) equipped with a Ge-

detector. The EDS analyses were carried out at 20 kV acceleration voltage, which corresponds to a bulk 

analysis with 1.3 µm penetration depth. The high-resolution SEM images were taken using a JEOL JSM 

7600F. 

The vibrational structure of CGSe and the identification of secondary phases at the first 150 nm from the 

surface and from the back contact were investigated using Raman spectroscopy at 633 nm excitation 

wavelength. The instrument employed is a Renishaw InVia Reflex microscope and a He-Ne laser source. 
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The laser power and the acquisition time were optimized in order to avoid possible heating effects or 

deterioration of the analyzed region. 

The Raman analysis at the back CGSe surface was performed after lifting the CGSe layer off of the 

SLG/Mo substrate. To lift the CGSe off of the Mo rear-contact, epoxy glue was applied at the CGSe 

surface and then a SLG was placed on the top of the CGSe layer. SLG/Mo/CGSe/epoxy/SLG was then 

annealed at 80°C for one hour to polymerize the epoxy. Finally applying an opposite small lateral strain 

between the two SLGs the SLG/epoxy/CGS and SLG/Mo were easily separated, leaving the CGSe rear 

surface clear for further analyses. A schematic representation of this CGSe lift-off procedure is shown in 

figure 1. 

CGSe solar cells photovoltaic parameters, namely open circuit voltage (Voc), short-circuit current 

density (Jsc), fill factor (FF) were determined from current density-voltage (J(V)) characteristics acquired 

at 25 °C under AM1.5 illumination at 1000 W/m2 intensity. Integration of external quantum efficiency 

(EQE, laboratory built) led to actual values of Jsc. 

 

3. Results 
 

3.1 Insights on the CGSe homogeneity using Raman analysis 

Figures 2a and 2b present the Raman spectra acquired at the top and the rear surface of the CGSe films 

deposited by the CuPRO (Fig. 2)) and the CuPRO(M) methods (Fig. 2b). The Raman modes of the 

CGSe structure are indicated by the black squares and the ordered vacancy compound by the blue 

squares. 

The A1-Raman mode at 185 cm-1 corresponds to the motion of Se against the Cu and the Ga at rest and 

the E1-mode at 274 cm-1 is related to the in-phase motion of the cations against the Se [27]. These two 

vibrational modes are strongly influenced by the concentration of the point defects, therefore by the 
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[Cu]/[Ga] ratio and by the order-disorder phase transitions [28,29]. More precisely, for excitation 

wavelength close to the band gap of CGSe, increasing the Ga content relative to Cu in the absorber layer 

yields i) an increased intensity of the E1-mode with respect to the A1-mode and ii) a widening of both the  

A1 and E1 Raman peaks. Xue et al. [28] also reported that the intensity ratio (Γ = IE1/IA1) loops the 

relative Ga to Cu ratio; basically Γ is smaller than unity when the Cu content is high ([Cu]/[Ga] > 1) and 

greater than unity when the Cu content is low. In this latter case, the full width at half maximum 

(FWHM) of the peaks increases due to the order-disorder transition [28]. 

Structural and chemical homogeneity throughout the films was evaluated using Raman spectroscopy 

with an excitation wavelength close to the band gap of CGSe; specific attention is paid on the FWHM 

and the intensity ratio of the A1 and E1 vibrational modes. A comparison of the Raman spectra from rear 

and top CGSe surfaces of the films grown by either the regular CuPRO process or the modified CuPRO 

(i.e. CuPRO(M)) emphasizes the following: 

1) In the case of the CGSe film grown by the CuPRO(M) method, Γ is greater than 1 and is similar 

at both rear and top surfaces (see Fig. 3a and 3b); this means the same slightly Ga-rich 

chalcopyrite phase is present at both the top and rear sides of the CGSe layer. In contrast, the 

spectra from sample grown by the regular CuPRO process show different Γ at the top and rear 

sides of the layer; it exceeds 1 at the top and is lower than 1 at the rear. This observation suggests 

the composition throughout the CGSe layer is not uniform; the Cu content is higher close to the 

back contact. 

2) The same conclusions can be drawn by comparing the FWHM of A1 and E1 Raman modes (see 

Fig. 3c and 3d); similar FWHM are observed at both sides of the film fabricated by CuPRO(M) 

while CuPRO yields different FWHM. This result corroborates previous findings indicating the 

amount of Cu vacancies differs from rear toward top side of the CGSe layer grown by CuPRO 

and emphasize the composition is not uniform throughout the absorber. 
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3) The surface of the film grown by standard CuPRO is inhomogeneous, Cu-poor secondary phases 

co-exist with stoichiometric CGSe phase. Dashed lines of Fig. 2 show the Raman bands assigned 

to Cu-poor CuGa3Se5 and CGSe chalcopyrite structure. These structural/chemical/morphological 

inhomogeneities are visible in the SEM plan-view shown in Fig. 4a; the larger grains are close-

to-stoichiometry CGSe, whereas the areas with the smaller grains are Cu-poor (CuGa3Se5). In 

contrast, the surface of the film grown by CuPRO(M) (see Raman spectra Fig. 2b) is made of a 

homogeneously distributed slightly Cu-poor chalcopyrite. The representative SEM image depict-

ed Fig. 4b, showing large grains with a characteristic stepped patterned morphology, corroborates 

this conclusion. 

The schematics drawn in Fig. 3 illustrate such variations of Cu contents for films deposited by either 

CuPRO (Fig. 3e) or CuPRO(M) (Fig. 3f). 

 

3.2 CGSe solar cells 

Fig. 5 plots the photovoltaic parameters (Voc, Jsc, FF and η) of solar cells fabricated from CGSe 

absorbers grown by either CuPRO or CuPRO(M) process, as described in section 2. These results show 

that applying CuPRO(M) yields improved device efficiency. However, the parameter mainly improved 

is neither the Voc nor the FF, but the Jsc as illustrated by the EQE plotted in Fig. 6. These latter curves, 

from the best devices, point out that the gain in Jsc is due to improved EQE in the large-wavelength 

region [500 nm - 800 nm]. This observation suggests the dominant limitation of absorbers grown by 

CuPRO could be a hindered collection of carriers photo-generated close to the back contact. Moreover, 

the inset plot of [E∙ln(1-EQE)]2 versus Energy of photons, indicates that the band gap energy is the same 

in both the CuPRO and the CuPRO(M) based absorber; the band gap energy difference between the two 

absorbers is 0.005 eV (Eg =1.665 eV and 1.670 eV for the the CuPRO(M) and CuPRO based absorber, 

respectively). Hence, the different Cu distribution through the CuPRO-CGSe and the CuPRO(M)-CGSe 
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layer does not affect the bang gap of the material. This result has further strengthened our conviction 

that the gain in Jsc of the CuPRO(M)-CGSe cell is not due to a different band gap but rather, to an 

improved carrier collection close to the back contact. In addition, the statistical plots of Fig. 5, each 

gathering the parameters of 10 cells from the same slot, reveal a much wider dispersion of Voc and FF 

values in the case of cells based on regular CuPRO method. A comparison between two best solar cells 

containing an MgF2 anti-reflecting coating is shown in table II. 

 

4. Discussion 

The growth of high Ga-containing CIGSe thin films has specific kinetic and thermodynamic issues. 

Accordingly, a modified co-evaporation process, implying two relaxation sequences, is proposed herein 

to attempt reaching the thermodynamic equilibrium and thereby expect fabricating structurally and 

chemically homogeneous absorbers. 

Previous studies on CGSe layers reported improved solar cell performance with increased substrates 

temperature (about 650 °C) [5] during deposition. According to [5,6], this gain is inherent to the quality 

of the absorber because: 

i) the alloy solubility is increased or/and 

ii) the grains are larger, therefore the density of GBs acting as recombination centers decreases, 

iii) the nature of the GBs is likely to turn from detrimental at low temperature to beneficial 

(passivation of defects at the vicinity of the GBs) at higher growth temperatures. 

In this work, it is demonstrated that substrate temperature is probably not the only key-parameter 

yielding improved CGSe-based device efficiency, meaning the formation of homogeneous CGSe layers 

rather relies on kinetic than thermodynamic concerns. Indeed, the CGSe layers, either grown by CuPRO 

or CuPRO(M), have similar overall composition. However, the Cu content is much higher at the rear 
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side of CuPRO layer compared to its front side. As a consequence, the amount of structural defects is 

likely severely different at the front and rear sides of the absorber. In contrast, CuPRO(M) growth 

process, implying so-called relaxation sequences, results in CGSe layer with similar Cu-content at both 

top and rear sides. Therefore, leaving the system at 580 °C for a while yields homogenization of Cu and 

Ga distribution, thus higher quality material, which supports the hypothesis of kinetic issues.      

As far as devices are concerned, the reduced effective carrier collection measured at large wavelengths 

in CuPRO-CGSe based cell suggests the absorber portion harming the current is close to the back 

contact. Correlating this result with CuPRO-layers chemical characteristics, one may conclude the CGSe 

portion closer to the rear contact, which is Cu-enriched, does not participate to the generation of current 

as already suggested by M.A. Contreras et al. [5]. Indeed, Cu-excess is likely to segregate at the grain 

boundaries or form localized CuxSe clusters, both yielding either shunt path or junction electric field 

screening [7,12,30,31]. Although showing about 2 mA/cm² higher current density, CuPRO(M)-CGSe 

based cell performance is still limited by low FF and high Voc deficit compared to theoretical 

expectations. The latter Voc deficit is most probably due to the inadequate band alignment at CGSe/CdS 

interface [6,32]; indeed, the negative conduction band offset (cliff-like) at the CGSe/CdS junction is 

known to yield severe interface recombination and thereby strongly hinder the output voltage of the 

solar cell.  Consequently, an alternative buffer layer should be applied to further improve the 

performance of CuPRO(M)-CGSe based devices [33]. 

 

5. Conclusions 

Considering the higher activation energy and the lower reaction rates of CGSe compared to CISe, 

methodologies and co-evaporation strategies should be envisaged to improve CGSe-based cell 

performance. In the present work, it is proposed a modified CuPRO(M) process consisting in applying 

relaxation sequences during CGSe layers co-evaporation. In our proposed scenario, it is demonstrated 



10 

these sequences compensate the harming slow kinetic of CGSe formation, and enhance both short and 

long-range resulting distribution of metal atoms throughout the layer. The CuPRO(M) process exhibits i) 

larger  grains ii) improved lateral uniformity of the surface and iii) close to stoichiometry rear surface.  

Hence it seems that applying two relaxation stages during the deposition process, we can achieve a more 

uniform distribution of the metal atoms in the CGSe thin films.  

In addition to a sharper distribution of photovoltaic parameters, the modified process reduces the 

recombination at the CGSe/CdS and Mo/CGSe interfaces and leads to improved solar cell performance 

due to the gain in current density, inherent to a better quantum efficiency close to the band gap energy. 

Nevertheless, although the properties of absorbers bulk are improved, the performances of the cells are 

still limited by a severe Voc deficit assigned to a non-suitable CGSe/CdS interface. As a conclusion, one 

should develop better adapted n-type junction partner to fully take the advantage of the improved CGSe 

bulk characteristics.    
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Appendix A 

A.1: CuPRO and CuPRO(M) co-evaporation processes 

The CuPRO is a three-step process based on a Cu-Poor/Cu-Rich/Cu-poor transition of the film composi-

tion during the growth. In our samples the vapor flux of the metals (Φ in atoms∙cm-2∙s-1) is controlled in 

order to have ΦCu/ΦGa ≈ 0.8 during of the first (Cu-poor) co-evaporation step and ΦCu/ΦGa ≈ 1.5 during 

the second (Cu-rich) co-evaporation step. At the final (Cu-poor) third stage the evaporation of Cu is in-

terrupted and the excess of Cu is consumed by the Ga and Se provided by the sources. During the pro-

cess the Se flux is in excess. A graphical representation of the standard CuPRO co-evaporation process 

is shown in Fig. A.1 (a)). 

In our work, we have also studied a modified CuPRO process (CuPRO(M)). A graphical representation 

of the modified CuPRO(M) co-evaporation process is shown in Fig. A.1 (b)). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1: Graphical representation of the CuPRO and CuPRO(M) processes 
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A.2: Relaxation mechanism: composition, morphology and diffusion  

In the CuPRO(M) process we applied two relaxation stages : 

- The first relaxation stage is introduced after the end of the Cu-rich co-evaporation stage. 

The main purpose of this relaxation stage is the segregation of the whole Cu at the surface of the 

film in order to obtain a uniform Cu/Ga distribution within the bulk of the material. Moreover, the 

relaxation stage leads to grain enlargement and hence reduces the number of grain boundaries which 

act as recombination centers and deteriorate the solar cell performance. 

- The second relaxation stage is applied at the end of the co-evaporation process after the Cu-poor 

stage. 

The duration of the Cu-poor stage is around 9 minutes. Since the homogeneity of the absorber is 

thermodynamic and kinetic issue, the duration of the Cu-poor stage is too small to allow Ga provid-

ed by the sources, to diffuse deeper within the bulk of the layer and closer to the back contact. In 

other words, the duration of the Cu-poor stage is not sufficient to make the Ga diffuse and consume 

the whole excess of Cu which can be present at the rear surface of the film. Hence, applying a sec-

ond relaxation stage, we facilitate the diffusion of Ga presented in the upper surface, towards the 

bulk of the material. The enhanced Cu/Ga intermixion leads also to an additional grain growth.  

Table A.I shows a detailed schematic representation of the composition and the morphology (size of the 

grains) of the absorber synthesized using the CuPRO and the CuPRO(M) co-evaporation process. 
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Table A.I : Schematic representation of the structure (relative size of the grains) and the composition 

(red: Cu-rich, orange: stoichiometric, yellow: Cu-poor) of the absorber at the end of each co-evaporation 

(Cu-rich and Cu-poor) or relaxation stage (the first one after the Cu-rich stage and second one at the end 

of the process, only in the CuPRO(M)). The CuPRO process does not have any relaxation stage  

Process 
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Figure 1: Schematic representation of the CGSe lift-off procedure and Raman analysis 

at the rear surface.  
Step 1: after the end of CGSe deposition process, epoxy glue is applied onto the CGSe 

surface.  
Step 2: the fresh epoxy glue is covered with soda-lime glass (SLG). 
Step 3: the stack SLG/Mo/CGSe/epoxy/SLG is annealed at 80°C for 1 hour to 

polymerize the epoxy. Step 4: strain is applied to both SLG to separate the SLG/Mo 

from the CGSe/epoxy/SLG.  
The rear CGSe surface is ready for Raman analyses 
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Figure 2: Micro-Raman spectrum at the top (black line) and the rear (red line), of a 

CGSe sample synthesized by a CuPRO (a) and a CuPRO(M) (b) process 

(b) (a) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  

(a) and (b): Graphical representation of intensity ratio of the A1 and E1 chalcopyrite 

vibrational modes (Γ= 
���

���
� at top and rear surfaces of CGSe grown by CuPRO and 

CuPRO(M). Γ values below 1 indicate important increase of the Cu content.  

(c) and (d): Graphical representation of the FWHM of A1 and E1 chalcopyrite 

vibrational modes at the top and rear surfaces of CGSe grown by CuPRO and 

CuPRO(M). Low FWHM values indicate an increase of the Cu content.  

(e) and (f): Schematic representation of CGSe films composition. Orange and yellow 

colors represent high and low Cu content, respectively. Stripped regions depict non-

analyzed regions of the bulk.  
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Figure 4: SEM surface images of the CGSe films deposited following CuPRO (a) and 

CuPRO(M) (b) co-evaporation processes. 
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Figure 5: Statistical representation of investigated solar cell parameters; efficiency (a), 

short-circuit current density Jsc (b), open circuit voltage Voc (c) and fill factor FF (d). 

Each boxplot gathers the parameters of 10 representative CGSe devices fabricated from 

absorbers grown by CuPRO (black) and CuPRO(M) (red).    
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Figure 6: External quantum efficiencies (EQE) of solar cells demonstrating the highest 

efficiency achieved from CuPRO (black) and CuPRO(M) (red) absorbers. The inset 

curves show the estimated band gap energy from the [E∙ln(1-EQE) ]2 versus Energy 

plots. Eg =1.665 eV and 1.670 eV correspond to the bang gap energy of the solar cell 

synthesized with the CuPRO(M) and CuPRO based absorber, respectively 
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Table I: Summary of the elemental concentration y=[Cu]/[Ga] measured by EDS using 

20kV acceleration voltage and the co-evaporation process used to synthesize the CGSe 

thin films. 

 

Sample y 
Co-evaporation 

process 

Relaxation 

stages 

#1963 0.90 ±0.03 CuPRO none 

#1969 0.90 ±0.03 CuPRO(M) 2 

 



Table II:  Photovoltaic parameters of best devices fabricated within the frame of this 

study (both are covered with MgF2 Anti-Reflective Coating).    

Co-evaporation 

process 
Jsc (mA/cm2) Voc (mV) FF % η % 

CuPRO 14.4 792 71.6 8.2 

CuPRO(M) 16.1 792 70.0 8.9 

 

 




