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Abstract 

Pure sulphide chalcopyrite Cu(In,Ga)S2, referred to as CIGSu, is a promising material for the use as top cell in tandem 

photovoltaic applications. This report aims at investigating the influence of Na incorporation on the optical and 

structural properties of the CIGSu. Na treatments are indeed known to largely improve the performances of the 

selenide chalcopyrite Cu(In,Ga)Se2, leading to record efficiencies amongst the thin film technology. In this work, 

CIGSu layers subjected to different Na incorporation strategies were grown on Mo or ITO rear contact. The crystalline 

quality of the CIGSu layers was investigated by XRD diffraction showing a homogeneous phase of CIGSu. On the other 

hand, optical properties of CIGSu were carried out by cathodoluminescence spectroscopy. The analyses demonstrate 

the passivation of the CIGSu layer induced by Na incorporation. Also, the formation of an in-depth band grading 

inside the CIGSu layer was evidenced and linked to the Na incorporation. Moreover, atom probe tomography 

revealed a planar segregation of Na along the grain boundary, evidencing the diffusion of Na through the ITO rear 

contact.

 

Introduction 

Silicon solar cell technology currently dominates the photovoltaic (PV) market, representing more than 90% of the 

global production [1]. The remaining part is mostly occupied by thin film technology. In the latter, polycrystalline 

Cu(In,Ga)Se2 cells (referred to as CIGSe) are amongst the most efficient, having achieved in 2024 a record efficiency 

of 23.6% [2]. Despite its high efficiency, the development of CIGSe, and mono-junction solar cells in general, are 

approaching the Shockley-Queisser (SQ) limit (ηSQ = 32.2 %) [3], reducing their potential for future progress. To 

overcome this limit, III-V multi-junction solar cells have been designed, reaching in 2020 a record efficiency of 47.1% 

[4]. Nevertheless, large-scale development of III-V multi-junction solar cells is limited by their manufacturing costs. 

Since the early 2010s, tandem structures combining c-Si and thin film technologies has gained interest. Theoretical 

calculations evidenced that an efficiency of more than 45% could be reached by positioning a 1.7 eV band gap cell 

above a 1 eV top cell [5]. The silicon technology is the most mature technology for the bottom cell due to its adequate 

band gap of 1.1 eV and its high efficiency (reaching more than 26% [6]). Concerning the top cell, device based on 

pure sulphide chalcopyrite Cu(In,Ga)S2 (also referred to as CIGSu) is an interesting candidate due to its wide band 

gap, high performance [7] and long-term stability [8,9]. The present study focuses on the investigation of CIGSu as 

polycrystalline thin film, material that has been much less studied than its selenide counterpart. This lack of 

investigations is assuredly one of the reasons for the lower progress in the performance achieved by the related 

devices. Recent studies have shown that the chalcopyrite phase is much less tolerant to copper deficiency than the 
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selenides [7,10]. This latter implies that the CIGSu films has to be very close to stoichiometry to remain single phase. 

As mentioned in [10], such a poor tolerance to copper off-stoichiometry questions about the role played by sodium 

doping on both the crystalline phase formed and the density of compensating point defects. 

Regarding CIGSe based solar cells, the efficiency boosts achieved during both 1990s and 2010s are linked to Na and 

heavy-alkali doping, respectively [11]. Na doping is known to minimize the density of compensating defects and to 

passivate grain boundaries [12–16]. The incorporation of Na into chalcopyrite films can be performed following 

diverse approaches, namely (i) either before the deposition of the absorber through the deposition of a thin sodium-

containing layer, (ii) during the deposition by supplying sodium-containing compound (DDT: during deposition 

treatment), or (iii) after CIGS completion by treating it with sodium-containing compound (PDT: post deposition 

treatment). It should be noted that glass substrates containing Na (e.g. soda lime glass or SLG) can also be used as 

the Na source since alkali species are able to diffuse throughout polycrystalline Mo rear contact, as shown in the case 

of CIGSe [17]. Recently, Choubrac et al. showed that the combination of DDT and PDT was crucial to increase and 

stabilize the open circuit voltage (Voc), the fill factor and thus the power conversion efficiency of the CIGSu based cell 

when using SLG/Mo rear contact [18]. Nevertheless, if one targets tandem 4T application, the use of Mo rear contact 

is banned because of its opacity and should thus be replaced by a transparent contact. ITO (In2O3:Sn), which combines 

conductivity and transparency in the visible spectrum, was successfully used as rear contact for both CIGSe cell [19–

21]. ITO was chosen because it can sustain the relatively high temperature needed for absorber growth and does not 

decompose in basic media such as those used for chemically deposited CdS and ZnOS buffers layers. However, the 

permeability of ITO to Na species needs to be clarified as some studies reported that depending on growth conditions 

ITO can slow down the Na diffusion or act as a diffusion barrier [13,20,21].  

The goal of the present work is to investigate the influence of Na doping on the chemical and optoelectronic 

properties of CIGSu polycrystalline thin films by means of X-Ray diffraction, electron backscatter diffraction, 

cathodoluminescence and atom probe tomography. As detailed below, films grown on either SLG/Mo or SLG/ITO are 

studied with and without intentional additional Na doping. 

Experimental methods 

Films preparation 

600-nm-thick CIGSu layers were deposited on 1-mm thick soda lime glass (SLG) substrate coated by either 400 nm-

thick Mo (DC-Sputtered) or 400 nm-thick ITO (provided by SOLEMS company). The CIGSu films were synthesised by 

co-evaporation following the 3-stage process in a dedicated vacuum chamber [22,23]. The first stage was performed 

at substrate temperature of 300°C, whereas second and third stages at 580°C. Details on the 3-stage process are 

presented on Figure S1. As summarized in the Table 1, four kinds of samples have been produced. A1 and A2 were 

deposited on SLG/Mo substrates, whereas A3 and A4 were deposited on SLG/ITO substrates. Both A1 and A3 

underwent Na doping through NaF supply during the third stage (i.e. DDT) and as post-deposition treatment (i.e. 

PDT). A2 and A4 films did not undergo intentional Na-doping, only Na diffusing from the substrate could dope the 

films; this process is referenced to as diffusion throughout the contact (i.e. DTC). The figure 1 schemes the structures 

of the samples and the possible origins of Na contained within the investigated CIGSu films. 

Structural and chemical characterizations 

All SLG/contact/CIGSu were investigated by XRD to evaluate their crystalline properties. These experiments were 

performed using a (θ - 2θ) Malvern empyrean diffractometer. The exciting source is made of a monochromatic Co 

radiation with a wavelength of λ=1.7889Å. The obtained data have then been converted into Cuα (λ=1.5406 Å) XRD 

data as it is the most common source in the literature. EBSD contrast images were obtained using Oxford EBSD 

software in situ in a PFIB (Plasma Field Ion-Beam) Helios G4 CXe Thermo scientific. The sample was tilted at 70° and 

the analysis was performed using an electron beam with a voltage of 20 kV and a current of 1.6 nA. For the local 

analysis, 10° bevelled surfaces have been prepared using PFIB. The preparation process has been performed as 



follows: (i) 3 µm thick of platinum (Pt) layer was deposited to protect the surface, (ii) the surface was tilted to form 

an angle of 10° with the ion beam, (iii) a milling at (30 kV, 4 nA) was performed followed by a cleaning step at (2 kV, 

2 nA) to remove the damage caused by the high voltage/current milling. 

APT was used to investigate the Na distribution inside the CIGSu layer. The APT analysis is based on the field 

evaporation effect produced on surface atoms in tip-shaped samples. First, the sample has to be prepared in the 

shape of nanometric tip by conventional lift-out and annular milling methods [24]. The lift-out procedure was carried 

out at 30 kV followed by a cleaning step at 2 kV to remove the damaged surface, due to Xe ions from the PFIB beam, 

and reach a curvature radius of around 50 nm. The analysis has then been performed using a Laser-Assisted Wide-

Angle Tomographic Atom Probe (LAWATAP), using a femtosecond UV pulsed lased (350 fs, 100 kHz, 343 nm) with a 

laser pulse energy of 1.2 nJ and a detector yield of 0.62. Analyses have been performed in a vacuum chamber (10-10 

mbar), at a temperature of 30K. The 3D reconstruction was carried out using the home-built GPM3Dsoft software. 

In order to study the local optoelectronic properties of the CIGSu, CL measurements were carried out at room 

temperature using a HORIBA-HCLUE setup, in situ in a JEOL JSM-M7900F scanning electron microscope. The light 

emitted after excitation of the sample by the electron beam was collected and directed toward an IHR 320 (320 mm 

focal length) spectrometers using a paracolic mirror. The signal was then detected by a Jobin-Yvon CCD camera which 

operates on a UV-Visible range (200 to 1200 nm window). A 600 lines/mm grating (blazed at 500 nm) 

monochromator was chosen for the spectrum acquisition. The acceleration voltage of the electron beam was set at 

10 kV with an electron beam current of 440 pA. The spectrum acquisitions were realized in scanning mode at the 

surface of the sample for a duration of 2 seconds. Map acquisitions were performed in hyperspectral mode using a 

150 lines/mm grating (blazed at 500 nm) within the objective of collecting the maximum signal. The voltage and 

current of the electron beam were set at 5 kV and 4 nA respectively. The previous analysis conditions were obtained 

by calculating the electron trajectory within the samples using of CASINO software [25,26]. The CASINO simulations 

are detailed in the supplementary materials on Figure S2. The results obtained are based on Monte Carlo electron 

energy loss simulation. The Kanaya-Okayama has been chosen as simulation model [27]. 

 

.  

 

Figure 1: Schematic representation of the structure of CIGSu samples showing related incorporation 

strategies. The question mark on the ITO side refers to the fact that so far, we cannot conclude on the permeability 

of ITO to Na-compounds from the glass.  

 

 



 

Table 1: Description of the Na incorporation strategies used for the samples A1 to A4: 

Samples 
 

Na incorporation 
Strategies 

A1 A2 A3 A4 

Rear contact associated Mo Mo ITO ITO 

DTC YES YES ? ? 

DDT + PDT YES X YES X 

 

Results  

In order to study the crystallographic properties of CIGSu layers and state on the eventual presence of secondary 

phases, XRD measurements have been performed on the 4 samples of this study. Figure 2.a shows the diffraction 

patterns of all 4 samples. The diffractograms of samples A1 and A2 display Cu(Ga,In)S2 and Mo related peaks only. 

The main CIGSu peak is observed at 28° and corresponds to the (112) reflexion. The remaining CIGSu peaks are 

observed at 57.8°, 55.2°, 46.5, 32.5 and 18° and are attributed to (224), (312/116), (220/204), (200/004), (101) 

reflexions, respectively, as detailed in (JCPDS # 32-0339). Additionally, the diffractograms of A1 and A2 show a peak 

at 40.5°, which corresponds to Mo (110) reflexion (JCPDS # 01-1208). A3 and A4 show the same CIGSu peaks as A1 

and A2. The difference is related to the presence of ITO (rear contact in A3 and A4) peaks observed at 51°, 35.4°, 

30.5° and 21.5° attributed to (440), (400), (222) and (211) reflexions respectively (JCPDS # 060416). Although the 

CIGSu (101) reflexion signal is very weak on A3 and A4, it still appears in both cases as shown on Figure 2.b. The 

presence of this peak on all samples confirms the chalcopyrite nature (space group 𝐼4̅2𝑑) of the CIGSu absorber. 

Since the most intense CIGSu peak, corresponding to the (112) reflexion, does not split into two contributions, it can 

be confirmed that a single crystalline CIGSu phase has been obtained [28]. This is likely due to the high-quality of the 

growth process. In the meantime, Na incorporation does not seem to have much influence on the crystalline quality 

of CIGSu. Indeed, samples with the same rear contact show a similar diffraction pattern. In CIGSu absorber, the GGI 

can be directly calculated from the position of the (112) using the following equation derived from the Vegard law 

[29,30]:  

 𝑦 = (1 − 𝐺𝐺𝐼) ∗ 𝐶𝐼𝑆(2𝜃) + 𝐺𝐺𝐼 ∗ 𝐶𝐺𝑆(2𝜃)                                                      (1) 

where 𝑦 is the 2𝜃 angle of the (112) reflexion of the analysed samples. CIS(2θ), 27.89° (JCPDS # 85–1575) and 

CGS(2θ), 29.1° (JCPDS # 75-0103) are the 2θ angles of the (112) peak measured on CuInS2 and CuGaS2 compounds 

respectively. In these samples, the GGI has been estimated at 0.09 ± 0.02. Then, the composition of the absorber 

can be noted CuIn0.91Ga0.09S2. 

 

 



 

Figure 2: a) XRD spectra of all CIGSu thin films A1 to A4. b) Magnification of XRD pattern of A3 and A4 samples, in 

logarithmic scale, highlighting the presence of the CIGSu (101) reflexion at 18°. 

 

Figure 3 shows a typical CL spectrum collected on sample A2. The CL experiment has been performed using a 10 kV 

electron beam in order to probe the whole CIGSu absorber (Figure S2). This spectrum is characterized by two 

emission peaks. The most intense peak centred at 1.6 eV can be attributed to the band-to-band emission of the 

CIGSu absorber. Thereafter, the position of the maximum intensity of this peak has been considered as the bandgap 

(EG) of the material. The small and broad peak observed around 1.35 eV may correspond to a defect emission. Figure 

4.a displays the resulting normalized CL spectra of samples A1 and A2 collected in the same conditions. In A1, the 

band-to-band emission of CIGSu (EG = 1.59 eV) is shifted toward lower energies compared to A2 (EG = 1.60 eV). 

Moreover, the intensity of the defect band observed on sample A2 at 1.35 eV is significantly reduced on A1. Similar 

defects have already been observed around 1.35 eV in the literature, and have been attributed to CuIII antisite [31].  

 



Figure 3: CL spectrum of sample A2 collected at 10 kV in scanning mode on a surface of 50 × 50 µm2.  

Similarly, Figure 4.b shows the A3 and A4 normalized CL spectra. In the case of ITO rear contact, no differences are 

highlighted concerning the position of the band-to-band emission peak of CIGSu, which is estimated at EG=1.59 eV 

in both cases. Again, a defect band characterized by the presence of a less intense emission broad band, at around 

1.45 eV, has been observed on A4 but looks to be significantly reduced on A3. Depending on the rear contact (Mo 

for A1 and A2 or ITO for A3 and A4), the defect band is observed at different energies. That might suggest the 

existence of two different kind of defects as function of the nature of the rear contact. In fact, the defect present in 

A4, evidenced on CL spectrum as a broad band around 1.40 to 1.45 eV, might be related to the formation of Cu 

vacancies VCu and CuIn anti-site, as described in pure CuInS2 absorbers in the literature [10]. However, in spite of the 

different nature of the rear contact and maybe of the defects in the CIGSu layer, application of alkali treatments 

seems to be beneficial to the layer properties. In A1 and A3, which both underwent Na DDT and PDT, no defects 

band are observed. This confirms the efficiency of such treatments in passivating the defects, as usually observed in 

CIGSe [32].  

It has been shown in CIGSe that the bandgap energy can be directly linked to the GGI ratio of the absorber [33]. Here, 

the calculation has been adapted for CIGSu. The energy of the band-to-band emission of CIGSu extracted from CL 

spectrum has been used to estimate the GGI following the equation 2:  

                                           𝐸𝐺(𝑥) = (1 − 𝑥) ∗ 𝐸𝐺(𝐶𝐼𝑆) + 𝑥 ∗ 𝐸𝐺(𝐶𝐺𝑆) − 𝑏 ∗ 𝑥(1 − 𝑥)                         (2) 

Where x is the GGI, EG(x) the band gap of the Cu(In,Ga)S2 layer measured by CL. EG(CIS) and EG(CGS) represent the 

band gap values of CuInS2 (1.54 eV) [34] and CuGaS2 (2.43 eV) [35] alloys respectively. b is the optical bowing 

coefficient and has been chosen equal to 0.2 [36]. The GGI ratio was calculated to be equal to 0.087 ± 0.003 and 

0.090 ± 0.003 respective band gaps of 1.59 eV (for A1, A3 and A4) and 1.60 eV (for A2). This result is in accordance 

with the value of the GGI measured previously by XRD. The origin of the shift might be related to a slight modification 

of the GGI in the sample A4 and will be discussed further. 

 

 

Figure 4: Normalised CL spectra collected at 10 kV in scanning mode on a surface of 50 × 50 µm2 for (a) samples A1 

and A2, and (b) samples A3 and A4.  

To investigate the depth homogeneity of the CIGSu absorber, EBSD and CL experiments have been performed on 

bevel surfaces. Figure 5.a shows a schematic representation of a 10° bevel surface performed on the typical structure 

presented on Figure 1. According to CASINO simulations presented in Figure S2, the CL measurements have been 



realised with 5 kV voltage and 4 nA current probe to scan the first nanometres of the bevel surface. First, an EBSD 

band contrast was performed in order to observe the grain distribution on the CIGSu bevelled surface. Figure 5.b 

represents the band contrast micrograph acquired in the bevel configuration. On the one hand, bright regions 

marked by the red arrows are attributed to the grain interior (GI). On the other hand, dark regions, marked by white 

arrows are attributed to grain boundaries (GB). Moreover, some twin boundaries, marked by yellow arrows, can be 

observed in some areas. This band contrast shows a strong GB density in the CIGSu layer. Figure 5.c represents the 

maximum CL intensity distribution of the band-to-band emission of the CIGSu peak (around 1.6 eV) along the bevel 

surface of sample A1. The CL intensity is clearly not homogeneously distributed all along the map. The comparison 

between the EBSD band contrast and the CL intensity distribution map clearly evidences that the CL emission 

observed in Figure 5.c originates mainly from GI. It is illustrated by the green circle marking the same grain on all 

maps. Darker emission lines formed inside the CIGSu layer can be attributed to the GB, which are known to be mostly 

non-radiative recombination centres. The lower intensity observed near the rear contact, is due to the bevel 

geometry resulting in a thinner CIGSu thickness probed (i.e. a lower CL signal). Figure 5.d represents the energy 

distribution of the CIGSu band-to-band emission along the bevel surface. Two different regions can be clearly 

identified, a low energy region (≈1.57-1.58 eV) in the upper part of the CIGSu layer, distributed over 200 nm from 

the top and a high energy region (≈1.61 eV) spread over 360 nm in the bottom part of the layer. Local spectra at 

different depth have been presented in Figure S3 to confirm the energy shift toward higher energy near to the rear 

contact. This phenomenon also known as band gap grading, has already been evidenced in CIGSe layer and is known 

to arise from the rearrangement of In and Ga in the absorber depth [39]. It has been demonstrated that such band 

grading allows to improve the carrier collection, the open-circuit voltage and the fill factor in CIGSe layer [37]. Unlike 

CL intensity, the energy mapping of the CIGSu peak does not show a particular difference in emission between the 

grain and the grain boundary. This might be because the signal resulting from the grain boundary is overshadowed 

by the grain interior signal due to the small width of the grain boundary compared to the grain interior.  

 

 

Figure 5: (a) Schematic representation of a 10° bevel cross section of Pt/CIGSu/(Mo or ITO)/SLG, the red dashed 

rectangle represents the investigated area in b, c and d. (b) EBSD band contrast micrograph of the bevel of the sample 

A1, (c) corresponding CL intensity map of A1 and (d) CL energy distribution map of the CIGSu peak. The scale bar 

corresponds to 1 μm. 

Built on the same approach, Figures 6.a-c represent the maximum CL intensity distribution of the CIGSu peak for A2, 

A3 and A4 respectively, collected on bevel surfaces. The dark region observed on the top of each layer corresponds 

to the Pt protective layer deposited on the CIGSu layer during the bevel preparation. No significant difference is 

observed from one sample to another in term of CL intensity. As in the case of A1, the CIGSu CL intensity is 

predominant in the grain interior and tend to decrease at the grain boundaries for all sample. This observation 

evidences significant losses due to the presence of non-radiative recombination centres near the grain boundaries. 



Also, the CL intensity does not depend on the grain size and appear to be heterogeneously distributed from one grain 

to another.  

 

 

Figure 6: (a-c) CL intensity map and (d-f) CL energy distribution map of the CIGSu peak for A2, A3 and A4 collected 

on a bevel surface. The scale bar is the same for every map and is equal to 1 µm. The dark region at the top of each 

intensity map corresponds to the areas covered by the protective Pt layer. White dotted circles surround potential 

traps in the CIGSu. 

Figures 6.d-f show the energy distribution of the band-to-band emission of the CIGSu layer with respect to its depth 

for A2, A3 and A4, respectively. For both samples which underwent Na PDT and DDT, A1 and A3, the evolution in 

terms of energy distribution seems to be quite similar independently of the rear contact. In fact, sample A3 presents 

the same characteristics as observed in sample A1, showing two clearly defined parts, with lower energies at the 

surface (around 1.58 eV) and higher energies near the rear contact (around 1.61 eV). Concerning the sample A2, if 

the lower part of the sample is dominated by higher energies, as observed in A1 and A3, the upper part evidenced 

more heterogeneities with energies ranging from 1.58 eV to 1.60 eV. Finally, the sample A4 shows only one 

heterogeneous region in the layer depth, with energies ranging from 1.58 eV to 1.61 eV.  

In order to explain the evolution of the band-to-band energy in the depth of the CIGSu layer, averaged profiles have 

been computed on all four energy maps and are displayed in Figure 7. Each curve represents the evolution of the 

band gap energy averaged on the energy map width along the depth of the CIGSu layer (in the direction of the black 

arrow represented in Figure 5.c). It must be noted that in each profile, the first measurement point may be altered 

due to the roughness of the sample surface, inducing lower CL signal and higher noise. The two black curves (stars 

and circles) correspond to CIGSu layers deposited on a Mo rear contact (A1 and A2). The energy variations amplitude 

observed in A1 (≈ 25 meV) is larger than the one observed in A2 (≈ 15 meV). Moreover, their respective profiles 

evidenced that the energy measured in A2 is higher than in A1, all along the depth of the CIGSu layer. This observation 



confirms the energy shift toward higher energies previously observed on CL spectra (figure 4.a). By comparing these 

energy profiles with the CL spectra acquired on the sample surface (Figure 4), it can be assumed that the position of 

the peak in the CL analysis of the sample surface may represent the minimum of the band gap in the film depth. 

Concerning their shape, in A1 profile, a two-step evolution can be identified. The first step corresponds to a slight 

energy decrease along the first 200 nm. The second step shows a significant increase of energy toward the CIGSu/Mo 

interface. Such bandgap evolution can be defined as a double grading bandgap and is usually beneficial for the cell 

performances by improving the charge collection at the contact [38]. For A2, the energy tends to increase all along 

the depth, from the top to the bottom of the CIGSu layer. However, a slight bump can be observed on the average 

energy curve, which might be induced by the presence of localised areas of higher energy in the middle of the layer 

(highlighted by white dotted circle in figure 6.d). These localised areas are potential energy barrier, trapping electrons 

and therefore, causing Shockley-Read-Hall recombination [39]. This phenomenon is known to degrade the properties 

of the solar cell. Comparing A1 and A2, it appears clearly that the formation of the double band-grading, observed in 

A1, is favoured by the application of Na PDT and DDT. In fact, it has been shown that Na doping in CIGSe induces 

interdiffusion between In and Ga atoms, modifying the GGI, and so the bandgap, along the CIGSe depth [40]. Such 

process seems to be similar in CIGSu layers. 

Between samples A3 and A4 grown on ITO rear contact (red curves), the observations are different. In A3, which 

underwent Na PDT and DDT, the averaged energy profile follows the same evolution as observed in A1, with similar 

amplitude. This evidences that the band grading triggered by Na PDT and DDT must be independent of the nature of 

the rear contact. On its side, A4 exhibits a quite different shape, with a quasi-flat energy profile, characterised by an 

energy variation of only 4 meV from 150 nm up to the ITO contact. Without Na treatments, two main differences 

can be observed by comparing A2 and A4. The first concerns the absence of a bandgap increase in the depth of the 

sample A4. As no Na PDT neither DDT have been applied on both samples, this difference may be linked to the 

diffusion of Na from the SLG substrate trough the rear contact. In fact, if Na doping induces a variation of the GGI in 

the layer [40], the absence of bandgap variation in the depth of the sample A4 might evidence a higher diffusion rate 

of Na atoms through the Mo contact than ITO contact. The second difference concerns the shift in the lower energy 

observed in the sample A4. As the bandgap can be directly linked to the GGI ratio along the sample depth, this 

indicates the presence of a lower amount of Ga in the CIGSu layer. This may be induced by the diffusion of Ga atoms 

to form a Ga oxide at the CIGSu/ITO, as already highlighted in the case of CIGSe [20]. 



 

Figure 7: Averaged bandgap profile of all four samples extracted from energy distribution maps. Zero position 

corresponds to the surface of the sample. Black and red curves correspond to the CIGSu layer grown on Mo and ITO 

rear contact, respectively.  

 

 

 

Figure 8: Atom probe mass spectrum of a CIGSu layer deposited on ITO rear contact (sample A4). 



A chemical characterisation of the sample A4 has been performed using APT in order to evaluate the presence of Na 

in the CIGSu layer. The atom probe mass spectrum is presented in the Figure 8. The later presents the chemical 

species detected during the evaporation. Cu, In and Ga are detected as single ions Cu+, Cu2+, In+, In2+ and Ga+ 

respectively. Sulphur is mainly detected as molecular ions in the form of S2
+, S2

2+, S3
+ and S3

2+. Moreover, Cu, Ga and 

S are also detected as molecular ions CuS+, CuS2+, CuGa2+, CuS2
+ and Cu2S+. It can be noted that the detection of O+, 

H2O+, CuO+ as well as In(H2O)+ may be due to the presence of O2 and H2O molecules in the APT analysis chamber. It 

is interesting to note that Na atoms are also detected as single ions Na+. As no Na treatment has been performed on 

the sample A4, this observation evidenced that the Na diffuses through the ITO rear contact. As Mo, in these growth 

conditions, ITO seems to allow the diffusion of Na atoms from the SLG substrate. In addition, no Xe ions were 

detected, showing that Xe was not implanted in the structure during the FIB milling process and thus that the cleaning 

step was successful.  

 

 

Figure 9: a) 3D reconstruction showing the Cu and Na atomic distribution around a grain boundary, in the sample A4, 

resulting from an atom probe tomography analysis. Na atoms size have been increased and are represented in black 

while Cu atoms are represented in green. b) Top view of the 3D volume showing the segregation of Na along the 

grain boundary. c) Concentration profile and d) cumulative density profile of Na atoms passing through the grain 

boundary, measured in a 20 × 10 × 13 nm3 volume.  

 



A 3D reconstruction of the tip-shaped sample has been performed in order to quantify and locate Na atoms. The APT 

sample was prepared perpendicularly to the surface. The analysed volume corresponds to the middle of the CIGSu 

layer. Figure 9.a and b show the 3D atomic distribution of Cu atoms (green dots) and of Na atoms (black dots). The 

3D reconstruction of the CIGSu volume highlights the presence of Na atoms all along a grain boundary as observed 

in the literature in the case of CIGSe layers [14,15]. Moreover, low amount of Na has also been detected within the 

grains. The concentration has been estimated at 1.8×1018 at/cm3. By comparison, APT analysis performed on sample 

A3 (not shown here) has evidenced a larger amount of Na inside the grains, with a concentration estimated at 

3.2×1018 at/cm3. The mass spectra around Na peak, of both samples, are presented in Figure S4. A composition 

profile, presented in figure 9.c, has been computed throughout the grain boundary in a 20 × 10 × 13 nm3 red box 

shown in Figure 9.a. The composition of species in both grains is similar and can be estimated at 19 ± 1 at.% of Cu, 

22 ± 1 at.% of In, 2.3 ± 0.4 at.% of Ga and 56.7 ± 2 at.% of S. Cu and S deviation from the expected stoichiometry may 

be induced by the important overlapping between Cu+, S2
+ peaks (around 60 to 66 a.m.u) on the mass spectrum. 

Also, Cu droplets can form at the surface of the sample during the preparation [41]. This phenomenon is known and 

may result in a loss of Cu in APT experiments. On the other hand, In and Ga species, seems to be detected in accurate 

proportions within experimental errors (In + Ga  25%). Therefore, analysis conditions were good enough to quantify 

the GGI ratio, estimated at 0.094 ± 0.02. This corroborates the previous values found using XRD and CL (obtained on 

much larger scale). At the grain boundary, the composition profile evidences In enrichment of 23 % as well as Cu 

depletion of 30 % while S and Ga compositions remain constant. This might represent the source of potential CuIn 

antisite or VCu inside the CIGSu absorber. In agreement with these observations, Raguwanshi et al. reported that Cu-

poor grain boundaries are mainly found in Ga-poor CIGSe compound [15]. Besides, the Na composition at the grain 

boundary is estimated at 0.4 ± 0.1 at.%. To quantify the segregation of Na atoms at the grain boundaries, the Gibbsian 

Interfacial excess (ΓNa) can be used [42]. This parameter is defined as the number of segregated Na atoms per unit of 

interfacial area. The number of Na atoms segregated at the grain boundary (noted NNa(excess)) can be directly extracted 

from APT data using the cumulative density profile represented in Figure 9.d. Therefore, the Gibbsian Interfacial 

excess can be calculated using the following equation: 

𝛤𝑁𝑎 =
𝑁𝑁𝑎(𝑒𝑥𝑐𝑒𝑠𝑠)

𝜂𝐴
     (3) 

where η corresponds to the detection efficiency of the APT analysis (η=0.62) and A to the interfacial area. In this 

sample, ΓNa has been estimated at 0.9 at.nm-2. This value is slightly below the averaged Gibbsian interfacial excess 

which was measured in CIGSe thin layers deposited on Mo rear contact (≈2 at.nm-2) [43]. Besides, in sample A3, at 

grain boundary, ΓNa has been estimated at 1.7 at.nm-2. It seems to evidence that compared to Mo, the ITO rear 

contact may reduce the diffusion of Na originating from the SLG substrate, and that Na originating from PDT and DDT 

tend to segregate at the grain boundaries.  

 

Discussion  

The application of alkali treatments has been extensively investigated in the case of CIGSe based solar cells [11]. In 

this study, Na treatments have been performed on CIGSu absorber elaborated by the three stages process and grown 

on Mo and ITO rear contact. This allowed us to evidence the influence of Na PDT and DDT and the impact of Na on 

the local structural and optoelectronic properties of the CIGSu absorber. 

Cathodoluminescence investigations have revealed the presence of defects in the CIGSu absorbers and their 

passivation due to the Na incorporation through PDT and DDT process. In the meantime, APT analysis reveals an In 

enrichment as well as a Cu depletion at the grain boundary in the sample A4. Such composition variations in the grain 

boundary may induced the formation of either VIn vacancies or CuIn anti-site in the grain. This may lead to the 

observation of the defect energy band observed in CL spectrum of A4 around 1.45 eV, as seen on Figure 4.b. In fact, 

in the case of CuInS2, it has been shown that VCu and CuIn results in donor-acceptor transition around 1.43 eV and 



1.39 eV, respectively [10]. Moreover, mass spectra evidenced the presence of Na inside the grain in sample A3 which 

underwent DDT and PDT (see Figure S4). Supplementary Na atoms introduced in the CIGSu layer may substitute to 

Cu atoms, leading to the formation of neutral point defect NaCu and to the passivation of the CIGSu grain interior. In 

addition, APT analysis also evidenced the planar segregation of Na at the grain boundary. This phenomenon has 

proven to reduce the atomic deficit or excess in CIGSe leading to improve the properties of the absorber [15,44]. 

Thus, the application of Na DDT and PDT seems to play an important role in the passivation of the grain interior as 

well as the grain boundaries (Figure 4.b). These Na PDT and DDT also proved to be responsible of the band grading 

in the CIGSu depth, highlighting the influence of Na incorporation on the band gap of the absorber. Indeed, this 

phenomenon has already been observed in CIGSe and is reported to arise from the interdiffusion between In and Ga 

atoms in the layer, triggered by the Na incorporation [40]. The band grading is also accompanied by the suppression 

of localized defects such as traps in the absorber limiting by the way the Shockley-Read-Hall recombination. It must 

be noted that in sample A4, where no variations are observed on the energy profile (Figure 7) and no In or Ga 

variations are observed along the depth of the APT volume. Finally, both phenomena, the band grading formation as 

well as the passivation of defects by Na PDT and DDT, showed to be independent of the nature of the rear contact.  

Without Na PDT and DDT, differences can be highlighted between the use of Mo and ITO rear contact. Depending 

on the nature of the rear contact, the CL analysis in depth showed a different behaviour. In fact, the energy maps 

(Figure 6.d-6.f) as well as energy profiles (Figure 7) demonstrated the presence of a band grading toward the rear 

contact for the CIGSu grown on Mo contact, which is completely missing on ITO contact. Two hypotheses can be 

made to explain these observations. The first hypothesis concerns the diffusion of Na. In fact, as this was revealed 

by the APT analysis, Na can diffuse through the ITO rear contact. However, the amount of Na estimated at the grain 

boundary (0.9 at/nm²) seems to be slightly below the mean measured in the literature (2.0 at/nm²) in CIGSe grown 

on Mo back contact [10]. This may indicate that the diffusion coefficient of Na in Mo is higher than the one in ITO, 

inducing a lower amount of Na in sample A4 (ITO) than in A2 (Mo). As Na acts a role in the interdiffusion of In and Ga 

atoms during the growth of the CIGSu absorber [40], a lower amount of Na must reduce this effect leading to a 

decrease in the band grading effect. The second hypothesis concerns the CIGSu/ITO interface. In fact, concerning 

CIGSe based mono-junction grown on ITO rear contact, some studies have evidenced the formation of a Ga oxide 

(GaOx) at the CIGSe/ITO interface [28]. As Ga only originates from the CIGSe, or in our case from the CIGSu layer, the 

formation of such GaOx layer might deplete the amount of Ga contained in the absorber. This could lead to a decrease 

of the GGI, and so of the CIGSu bandgap. Moreover, the presence of GaOx is also reported to slow down the Na 

diffusion from the SLG substrate [28]. Then, both of these mechanisms may interact together and lead to a complete 

absence of energy gradient along the depth of the CIGSu absorber grown on the ITO rear contact.  

Finally, in this study, all three technics used for the structural and optical investigations have been also used 

to quantify the GGI. This estimation has been averaged on the entire sample using XRD and CL spectroscopy, and 

locally measured using APT analysis. Considering the small variations of the bandgap observed in the CIGSu absorber 

whatever their characteristics (less than 20 meV) (Figure 7), local measurement performed by APT can be 

consistently compared to CL or XRD for the GGI estimation. This shows that each technique is relevant for the 

measurement of the GGI even though the measurement is more or less localised from one technic to the other.  

Conclusion 

The present study investigated the influence of Na incorporation on pure sulphide CIGS absorber thin films for future 

applications in tandem solar cell. Four samples, featuring the CIGSu/(Mo or ITO)/SLG structures grown by a 

conventional three-stage process with and without Na incorporation, have been studied. It has been shown that the 

CIGSu layer was constituted of a single CIGSu phase whatever the rear contact. The analysis of the 

cathodoluminescence properties of the film revealed the presence of defects in samples without Na PDT and DDT. 

Moreover, Na incorporation through PDT and DDT proved to be crucial for defect passivation in CIGSu layer. The role 

of Na PDT and DDT in triggering the formation of a band gap grading, known to enhance PV cells properties, has been 

highlighted. Atom probe experiment revealed a segregation of Na at the grain boundaries in CIGSu grown on ITO, 



which was not subjected to Na treatment. Thus, this clearly demonstrates that the use of ITO rear contact does not 

prevent the diffusion of Na from the substrate. Moreover, using ITO rear contact, it emerges that the amount of Na 

provided by the substrate is not sufficient to either passivate completely the layer nor favouring band gap grading. 

All three technics (XRD, CL and APT) have been used for the estimation of the GGI, and give consistent results. This 

work opens the doors for further investigations coupling those nano-scale analyses, notably to better understand 

the role of Na on the compositional distribution in the CIGSu layer. Further investigations will be particularly focused 

on the impact of Na on the grain boundaries chemistry.  
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