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Formation of Cu(In,Ga)S 2 chalcopyrite thin films following a 3-stage co-evaporation process
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The study aims to investigate the origin of the crystalline and compositional bilayered structure of CuIn 1-x Ga x S 2 (CIGS) films we previously observed for samples deposited following the 3-stage process. Therefore, the growth of films of different gallium contents (i.e. x) was interrupted at key steps of the 3-stage, namely at the end of the first stage, after half of the second stage and at the end of third stage. Compositional, morphological and structural differences at each stage were characterized by X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Scanning Transmission Electron Microscopy (S/TEM) and Energy Dispersive X-Ray Spectroscopy (EDX). From these investigations, we propose a model attributing composition plateaus to the formation of diverse Cu-poor crystalline phases during the second stage of the growth process.

INTRODUCTION

Solar cells based on polycrystalline Cu(In,Ga)(S,Se) 2 thin films have reached a record conversion efficiency of 23.35 % [START_REF] Nakamura | Cd-Free Cu(In,Ga)(Se,S) 2 Thin-Film Solar Cell With Record Efficiency of 23.35%[END_REF]. This outstanding performance results from a device based on a chalcopyrite absorber containing both selenium and sulfur. The elemental distribution throughout the layer has been optimized for single junction photovoltaic application. While a pure selenide absorber layer demonstrated 22.6 % record efficiency [START_REF] Jackson | Effects of heavy alkali elements in Cu(In,Ga)Se 2 solar cells with efficiencies up to 22.6%[END_REF], devices based on pure sulfides remains lower with a 15.5 % record efficiency achieved using an absorber with a bandgap below 1.6 eV [START_REF] Hiroi | New World-Record Efficiency for Pure-Sulfide Cu(In,Ga)S 2 Thin-Film Solar Cell With Cd-Free Buffer Layer via KCN-Free Process[END_REF]. Nevertheless, by combining both improved material properties and growth process understanding, several groups have shown improved performance launching pure sulfide based devices towards much higher efficiency [START_REF] Shukla | Over 15% efficient wide-band-gap Cu(In,Ga)S 2 solar cell: Suppressing bulk and interface recombination through composition engineering[END_REF][START_REF] Hamtaei | Dominant Processing Factors in Two-Step Fabrication of Pure Sulfide CIGS Absorbers[END_REF]. Moreover, the bandgap of CuIn 1-x Ga x S 2 can be tuned between 1.5 eV and 2.4 eV by increasing x from 0 through 1 [START_REF] Bär | Determination of the band gap depth profile of the penternary Cu(In (1-X) Ga X )(S Y Se (1-Y) ) 2 chalcopyrite from its composition gradient[END_REF]. This bandgap energy range offers a large variety of applications such as building integrated photovoltaic (BIPV) and photoelectrochemistry (PEC) [START_REF] Shukla | Recent advancement in BIPV product technologies: A review[END_REF][START_REF] Mathews | Technology and Market Perspective for Indoor Photovoltaic Cells[END_REF][START_REF] Deangelis | Wide Band Gap CuGa(S,Se) 2 Thin Films on Transparent Conductive Fluorinated Tin Oxide Substrates as Photocathode Candidates for Tandem Water Splitting Devices[END_REF]; in particular, CuIn 0.7 Ga 0.3 S 2 (E g  1.7 eV) stands among the most suitable absorbers to act as top cell in tandem structures with c-Si technology [START_REF] Bremner | Analysis of tandem solar cell efficiencies under AM1.5G spectrum using a rapid flux calculation method[END_REF].

Recently, we have demonstrated that 14.2 % efficiency can be achieved from a structure based on a Cu(In,Ga)S 2 /CdS heterojunction, showing a photon absorption threshold of about 1.65 eV [START_REF] Barreau | High efficiency solar cell based on Cu(In,Ga)S 2 thin film grown by 3-stage process[END_REF]. The device absorber was grown by the co-evaporation of elemental copper, indium, gallium and sulphur following a sequential 3-stage process, originally developed for pure selenide layers [START_REF] Noufi | Method of fabricating high-efficiency Cu(In,Ga)(SeS) 2 thin films for solar cells[END_REF]. However, in contrast to pure selenide films, the resulting absorber consists of a bi-layered structure with high gallium content close to the rear contact and high indium content close to the surface. With the goal of better understanding the origin of such group III elemental distributions, the material evolution during the co-evaporation process is investigated. The co-evaporation process was interrupted at three key steps of the deposition process and the resulting layers investigated by X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Scanning Transmission Electron Microscopy (S/TEM) and Energy Dispersive X-Ray Spectroscopy (EDX). A model based on crystalline phase stability is finally proposed to interpret the formation of such bi-plateau chemical compositions.

EXPERIMENTAL DETAILS

Absorber growth

Cu(In,Ga)S 2 (CIGS) thin films were deposited from the co-evaporation of elemental Cu (99.999%), In (99.999%), Ga (99.9999%) and S (99.99%) following the 3-stage process.

During the first stage, Mo-covered soda-lime glass (SLG) substrates were heated by infrared lamps at 300°C; In and Ga were evaporated simultaneously under excess S flux. For the series of samples investigated herein, the targeted gallium to group III ratio (i.e. GGI) was either 0.2, 0.35, 0.5 or 0.6. Samples removed at the end of this first step are labeled "layer A".

During the second stage, the substrate temperature is increased to 570°C. Cu is supplied until the composition of the growing layer turns Cu-rich (i.e. copper to group III ratio (CGI) > 1). The samples removed before the end of the second stage are labeled "layer B".

Finally, during the third stage In and Ga are supplied again until the film turns Cu-poor (CGI < 1); the In and Ga fluxes are similar to those of first stage. Cu-poor/Cu-rich/Cu-poor transitions were followed using the end-point-detection method as for selenide absorbers [START_REF] Barreau | High efficiency solar cell based on Cu(In,Ga)S 2 thin film grown by 3-stage process[END_REF][START_REF] Noufi | Method of fabricating high-efficiency Cu(In,Ga)(SeS) 2 thin films for solar cells[END_REF][START_REF] Kessler | Rapid Cu(In,Ga)Se 2 growth using "end point detection[END_REF]. The samples that have undergone the whole growth process are labeled "layer C".

The evolution of the substrate temperature, element-supply sequence and the output power of the heater during representative process time are plotted in Fig. 1. This figure identifies key steps where the process was interrupted, corresponding to samples labeled layer A, B and C.

We assume the co-evaporation process to be sufficiently reproducible. Numerous growths conducted with similar parameters yielded layers with similar physico-chemical properties.

Note that alkali species are not intentionally supplied during or after the deposition; spontaneous diffusion from the soda-lime glass (SLG) substrates into the growing layer is the exclusive alkali source.

Sample characterization

All CIGS thin films were investigated by X-Ray diffraction (XRD) on a D8 Bruker diffractometer ( = 1.540598 Å) and scanning electron microscope (SEM) (JEOL JSM 7600F). Compositions were determined by energy dispersive X-ray (EDX) spectroscopy using a different SEM (JEOL JSM 5800LV) equipped with a SAMx SDD energy dispersive spectrometer to evaluate the mean

CGI (i.e. [Cu]/([Ga]+[In]) and GGI (i.e. [Ga]/([Ga]+[In]). EDX mapping was performed by sampling

34 EDX spectra along the cross section of the layers stack. The acquisition area of each spectrum stretched as a "fishbone" perpendicular to this line on either side. These spectra were extracted from a hyperspectral mapping acquired at 7 kV and quantified with a library of standard compounds. The accelerating voltage was chosen because it was strong enough to ionize the elements studied but weak enough to obtain a good spatial resolution in this material.

Scanning Transmission Electron Microscopy (S/TEM) characterization was performed on a Csprobe corrected Themis Z G3 (Thermo Fisher Scientific) operating at 300 kV accelerating voltage. High Angle Annular Dark Field (HAADF) images were acquired with a 21.4 mrad convergence angle and 63-200 mrad collection angles and Energy Dispersive X-ray Spectroscopy (EDX) maps collected with 4 windowless silicon drift detectors (Super-X system).

RESULTS

3.1.

Layer A

These layers correspond to the status of the films at the end of the first stage, i.e. after the deposition of In, Ga and S onto the SLG/Mo substrates heated at 300 °C.

The compositions of layers A have been measured from the top (electron beam perpendicular to the layers). This setup leads to average compositions within the thickness of the layer. The measured compositions, in terms of the so-called GGI ratio

(GGI = [Ga]/([In]+[Ga]
)), are compared to the targeted values in Table I.

Table I: Targeted and experimental GGI ratio ([Ga]/([In]+[Ga])) of layer A measured by EDX. The experimental GGI values are the mean of analyses performed at five different locations of each

sample.

Samples A #1 #2 #3 #4
Targeted GGI 0.20 0.35 0.50 0.60 Experimental GGI 0.19 0.34 0.47 0.60

These layers were also investigated by XRD to determine their crystalline characteristics and whether GGI variations could imply important phase evolution. Selected angle area XRD patterns are presented in the Fig. 2a; 5°-95° angle range patterns are shown as supplementary material (Fig. SM-A). Accordingly, (In,Ga) 2 S 3 phase with cubic spinel structure (space group Fd-3m) is formed in the case of the lowest GGI. Increasing GGI yields a shift of the main (111) peak towards larger angles, which suggests a decrease of the lattice parameter with increasing gallium content. Furthermore, this peak widens while GGI increases, which can be due to narrower crystallite size as proposed in [START_REF] Sanz | Gallium indium sulfide layers obtained by modulated flux deposition[END_REF]. Although a definitive conclusion would demand further investigations, for GGI = 0.6 a peak appears at 11.36°. This can be assigned to the (011)

of Ga doped β-In2S3 (space group I4 1 /amd), or to the (004) of a InGaS 3 -like lamellar phase (space group P6 3 mc).

Finally, the morphology of the films is depicted through SEM cross sectional images in Fig. 2b. All layers A are about 1.1 µm thick, compact and very smooth. They all appear to be made of grains whose microstructure is hardly distinguishable from these SEM images. Only columnar grains are discernable for the lowest GGI.

Layer B

As a reminder, the layer B correspond to the status of the growing absorber after roughly half of the total copper amount is supplied, and substrate temperature has reached 570°C (see Fig. 1).

These films were investigated by SEM and images of representative cross sections are depicted in Fig. 3b. Although less obvious in the case of GGI = 0.19, these images show layers B consist of two stacked sub-layers of different grains morphologies. In addition, these images suggest that the interface between the sub-layers is planar and parallel to the plane of the substrate. To recently investigated family of lamellar trigonal phases (CIGS n ) [START_REF] Caldes | Layered Quaternary Compounds in the Cu 2 S-In 2 S 3 -Ga 2 S 3 system[END_REF]. Note that these phases were also identified within the frame of investigations on bulk materials [START_REF] Thomere | Chemical crystallographic investigation on Cu 2 S-In 2 S 3 -Ga 2 S 3 ternary system[END_REF]. Interestingly, in contrast to layer A, all peaks angle positions are independent of GGI; only their relative intensities appear influenced. This observation suggests the crystalline phases constituting layer B have similar lattice constants and the main impact of GGI increase is their relative amount within layer B.

By combining all these results, one may propose all layer B consist of a high gallium containing tetragonal phase as the rear sub-layer, covered with high indium containing 1-5-8 spinel like cubic phase. The additional trigonal phase detected by XRD is probably located at the interface of these two sub-layers. These results suggest the phase separation/segregation occurs as soon as copper starts being supplied. The gallium content of layers A appears to primarily influence the amount/thickness of one phase/sub-layer relative to the other.

Layer C

Layers C correspond to the status of the completed films, meaning after they underwent all Cupoor/Cu-rich/Cu-poor transitions (see Fig. 1). All layers were investigated by XRD (see Fig. 6a for selected angle area and Fig. SM-C in supplementary material for 5°-95°) and SEM (Fig. 6b).

The XRD patterns show two main features. The first one is that all films are made exclusively of chalcopyrite materials; secondary phases are no longer detected. Secondly, the shape of the reflections suggests two dominant contributions: one corresponding to a GGI ranging between 0.2 and 0.3, which is weakly dependent on A layer characteristics, and a second one attributed to higher GGI, ranging from 0.4 up to 0.9 with increasing GGI of layer A. Contributions assignable to intermediate GGI are visible as a continuum of compositions in between the two main reflections, suggesting steep graded GGI between the compositional plateaus.

According to our previous studies [START_REF] Barreau | High efficiency solar cell based on Cu(In,Ga)S 2 thin film grown by 3-stage process[END_REF], the chalcopyrite with the lowest GGI is located at the top of the layer, whereas that with the highest GGI is at the rear side of the film. The reasons for such a GGI evolution throughout the layer, which assuredly results from multi-phased layer B structure, are still not clear but could be explained by the higher sulfur amount available at the surface of the films while it grows.

Discussion

The investigated Cu(In,Ga)S 2 films were grown following the 3-stage process, known to result in the highest device performances for pure selenide absorbers (Cu(In,Ga)Se 2 ). Amongst the reasons mentioned for the superiority of the 3-stage process, one may highlight (i) the recrystallization of the growing film during Cu-poor/Cu-rich transition which decreases the density of detrimental extended crystalline defects [START_REF] Shukla | Over 15% efficient wide-band-gap Cu(In,Ga)S 2 solar cell: Suppressing bulk and interface recombination through composition engineering[END_REF][START_REF] Raghuwanshi | Influence of grain boundary modification on limited performance of wide bandgap Cu(In,Ga)Se 2 solar cells[END_REF][START_REF] Lomuscio | Phonon coupling and shallow defects in CuInS 2[END_REF], and (ii) the bandgap variation throughout the layer, evolving along with GGI V-shaped gradient [START_REF] Siebentritt | The electronic structure of chalcopyritesbands, point defects and grain boundaries[END_REF][START_REF] Niki | CIGS absorbers and processes[END_REF][START_REF] Lomuscio | Influence of stoichiometry and temperature on quasi Fermi level splitting of sulfide CIS absorber layers[END_REF]. This latter GGI gradient results from different diffusion coefficients of indium and gallium within the growing Cu(In,Ga)Se 2 layer. Such a mechanism is enabled thanks to stability of the tetragonal structure within a large range of Cu-contents, from 1-5-8 up to stoichiometric 1-1-2 compositions [START_REF] Caballero | Investigation of Cu(In,Ga)Se 2 thin-film formation during the multi-stage co-evaporation process: CIGSe thin-film formation multi-stage co-evaporation process[END_REF].

The location of the Ga-notch as well as gradient shapes are strongly dependent on both the deposition conditions (i.e. substrate temperature, selenium flux, …) and the amount of alkali elements (i.e. sodium) present while the film grows.

The experimental results presented suggest the mechanisms involved in the formation of GGI gradients for pure sulfide films differ from those for pure selenide films. GGI evolution throughout completed CIGS is rather made of two plateaus than a V-shaped gradient. Similarly to selenides, GGI profiles are set during the second stage, while copper is supplied to react with the (In,Ga) 2 S 3 or InGaS 3 resulting from the 1 st -stage. As reported in [START_REF] Thomere | Chemical crystallographic investigation on Cu 2 S-In 2 S 3 -Ga 2 S 3 ternary system[END_REF], the pseudo-ternary phase diagram of Cu 2 S-In 2 S 3 -Ga 2 S 3 indicates the Cu-poor CIGS is no single phased, the structure separates into two main crystalline phases corresponding to the cubic CuIn 5 S 8 -like (possibly with very low gallium content) and the Cu-poor Cu 0.8 (In 0.2 Ga 0.8 ) 1.06 S 2 tetragonal phase. These two phases are not miscible as long as the nominal composition of the film remains Cu-poor.

Surprisingly, this phase separation does not result in a homogenous narrow-crystals blending, but in a bilayered structure showing an abrupt planar interface parallel to that of the substrate.

It appears that the top of the Cu-poor CIGS layer is always In-rich and the bottom always Garich. This distribution of the group III elements remains so, even after the layer turned Cu-rich, inducing the formation of the two GGI plateaus. This mechanism is similar within the investigated range of layer A GGI ratios (i.e. from 0.19 through 0.60). Interestingly, the GGI of the top layer is independent of layer A GGI, which contrasts with that of the bottom layer, whose GGI strongly increases with layer A composition.

CONCLUSIONS

In the present study, Cu(In,Ga)S 2 thin films deposited by co-evaporation following the so-called 3-stage process were investigated. The absorbers synthesized by this process achieved solar cell efficiencies above 14 % but were still limited by a V oc -deficit. The original goal of the investigations presented herein is to provide a fundamental understanding of the mechanisms yielding the observed structural, compositional and morphological bi-layered structure in the absorbers. Absorber growth was intentionally interrupted at key steps of the sequential process and the layers characterized. The interpretation we propose is based on the relative stability of the numerous Cu-poor phases formed during the second stage. In contrast to pure selenide phases, there are many crystalline Cu-poor sulfides phases that are strongly dependent on the relative amounts of group III elements, namely the ratio between indium and gallium (i.e. GGI).

In particular, the model we propose explains the lowered gallium content of absorbers surfaces independent of the amount supplied during the first stage. As a consequence, although high efficiencies result from absorbers with bandgaps between 1.5 eV and 1.6 eV, the investigated 3stage process does not appear to be a suitable process to fabricate 1.7 eV band gap Cu(In,Ga)S 2 -based devices regardless of heterojunction partners. (c) Evolution of CGI, GGI and S/Metals through the sample.
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  further explore the nature of these sub-layers, EDX cross sectional mappings were performed on Layers B with GGI = 0.47 and 0.19. The respective qualitative elemental distributions of In, Ga and Cu are shown in Fig.4. These mappings suggest that even in the case of the lowest GGI investigated, the top sub-layer contains more In and less Cu and Ga than the bottom. In addition, Fig.4cdisplays the superimposition of the SEM image (for GGI = 0.47) with the quantitative evolution of GGI and CGI measured by EDX. This figure confirms that the bilayered morphology corresponds with the two compositional plateaus: GGI top < 0.1 with 0.2 < CGI top < 0.3 and GGI bottom  0.8 with CGI bottom > 0.8. Nevertheless, the quantitative reliability of these EDX mappings remains poor because of overlapping signals at interfaces, in particular at the top/bottom layer interface. To gain accuracy, EDX mapping was performed using TEM on layer prepared by mechanical scratching. Fig.5ashows elemental EDX mappings of Cu, In and Ga in the case of the highest GGI (i.e. 0.6). This result strengthens the hypothesis that a majority of the gallium and copper atoms are located within the bottom sub-layer, while indium dwells at the top. Fig.5bplots the atomic fraction profiles of Cu, In, Ga and S through the investigated structure and Fig.5cplots GGI, CGI and S/Metals evolutions. These quantitative plots highlight at least three important features. Firstly, the composition of the bottom sub-layer (~900 nmthick for this sample) corresponds to Cu 1- In 0.1 Ga 0.9 S 2 , with 0.1 <  < 0.2. Secondly, the compositional transition at bottom/top sublayers interface corresponds to a strong increase in sulphur content, up to S/Metal ~ 1.3. This suggests that the top-sublayer near the interface has a composition close to Cu(In 0.9 Ga 0.1 ) 5 S 8 . Finally, for a high GGI layer B, the top sublayer composition evolves towards the surface with a moderate increase in GGI (< 0.2) and CGI and a decrease of relative sulphur content. Unfortunately, electron diffraction patterns could not be achieved on this sample because of its preparation procedure yielding too thick fragment. XRD patterns shown in Fig.3aand Fig.SM Bshow that all layers B are multiphased, as could be expected from compositional mapping. Additionally, for all GGI the patterns show peaks identified as (i) cubic CuIn 5 S 8 -like phase, (ii) tetragonal Cu-poor and Ga-rich phase, and (iii) a
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 2 Figure 2: Layer A (a) XRD patterns in the angle range [10°-40°] of the layers at the end of the first stage for varying GGI. The peak marked with a * may be assigned to the InGaS 3 phase. (b) SEM cross sections of the layer A for varying GGI.
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 3 Figure 3: Layer B (a) XRD patterns in the angle range [5°-40°] of the layers after half of total copper amount is supplied for varying GGI. (b) SEM cross sections of the layer B for varying GGI.

Figure 4 :

 4 Figure 4: Layers B Qualitative EDX mappings of the cross sections of layers with (a) GGI = 0.47 and (b) GGI = 0.19. (c) Quantitative evolution of GGI and CGI throughout Layer B with GGI = 0.47 calculated from EDX mapping.
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 5 Figure 5: Layers B (a) Qualitative TEM-EDX mappings of the cross sections of layers with GGI = 0.60. (b) Quantitative evolution of elements through the sample deduced from TEM-EDX mapping.
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 6 Figure 6: Layers C (a) XRD patterns around (112) reflections of the completed layers for varying GGI. (b) SEM cross sections of the layers.
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