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1 Abstract  

This study examines the growth condition to obtain a single-phase Cu(In,Ga)S2 (CIGS) 

chalcopyrite film epitaxially grown by coevaporation on a GaP/Si(001) pseudo-substrate. In 

particular, we report the structural differences between KCN-etched Cu-rich and Cu-poor 

Cu(In,Ga)S2 (CIGS) films coevaporated on GaP/Si(001) by 1-stage process. The Cu-poor CIGS 

film consists of at least three phases; the main crystal is found to be chalcopyrite-ordered, 

coexisting with In-rich CuIn5S8, and CuAu-ordered CuInS2, all sharing epitaxial relationships 

with each other and the GaP/Si(001) pseudo-substrate. On the other hand, the Cu-rich CIGS 

film is single-phase chalcopyrite and displays sharper X-ray diffraction peaks and a lower 

density of microtwin defects. The elimination of the secondary CuAu-ordered phase with Cu 

excess is demonstrated. In both films, the chalcopyrite crystal exclusively grows with its c-

axis aligned with the out-of-plane direction of Si[001]. This study confirms prior findings on 

the thermodynamics of Cu-In-Ga-S and the stability of secondary phases.  
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3 Introduction 

In the family of Cu(In,Ga)(S,Se)2 (CIGSSe) compounds, pure-sulfide Cu(In,Ga)S2 (CIGS) attracts 

much attention in the photovoltaic community as its bandgap may be tuned from 1.54 eV, 

for CuInS2 (CIS), to 2.43 eV, for CuGaS2 (CGS) [1], making it suitable both for single-junction 

as well as tandem solar cells. Indeed, a practical route towards low-cost high efficiency solar 

cells is the integration of CIGS on crystalline Si (c-Si) in a 2 terminal monolithic configuration 

[2–4]. In a tandem cell context, the CuIn0.75Ga0.25S2 chalcopyrite displays a near ideal 

bandgap of 1.7eV for a top cell absorber. This has renewed interest for CIGS, leading to 

reported efficiencies over 15% for CdS/CIGS [5] and Zn(O,S)/CIGS [6] heterojunction solar 
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cell grown by coevaporation on Mo-coated soda lime glass (SLG) substrate. To translate such 

advances to Si-based tandem cells, one first needs to replace the opaque Mo/SLG substrate 

by a Si substrate. The integration of 1.7eV CIGS on Si poses many challenges, such as possible 

out-diffusion of Cu into Si [7] and non-existent optimal interconnect between wide band-gap 

CIGSSe and Si [8].  

Furthermore, it has been postulated several times that extended defects like grain 

boundaries might be detrimental for such wide bandgap (>1.6eV) CIGSSe semiconductors 

[9,10]. Comparatively to CIGS sulfides, much more is known on Se-based Cu(In,Ga)Se2 

(CIGSe). As of yet, polycrystalline CIGSe photovoltaic solar cells hold the record efficiency of 

22.6% [11] for a Ga to group III ratio, GGI = [Ga]/([In]+[Ga]), of about 0.3. In CIGSe with low 

Ga content, grain boundaries (GBs) are reported to be electrically benign [12]. However, for 

GGI > 0.4, Cu-enriched GBs may become electrically active defects providing shunt paths [9], 

partially explaining the relatively low efficiency of wide band gap Ga-rich CIGSe films [13]. 

Epi-CIGSe displays a record efficiency of 20.0% [14,15] for a higher graded GGI of 0.4 (front) 

to 0.7 (rear); relatively high efficiency for such a high Ga content which may be explained by 

the absence of GBs. In contrast, very little is known on GBs in Ga containing CIGS sulphides 

[10]. We speculate that reducing the number of random angle GBs defects in wide bandgap 

1.7eV CIGS constitutes a pathway towards higher efficiency. One method to prevent the 

formation of GBs is to grow epitaxial films onto monocrystalline substrate. This motivates 

the growth of epi-CIGS.  
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Figure 1: Band gap vs. lattice mismatch for chalcopyrites, silicon and III-V [16]. Gallium phosphide 
GaP is quasi lattice matched with Si. Additionally, in the Cu(In,Ga)(S,Se)2 family, CuIn0.75Ga0.25S2 
sulfides have near ideal band gap for top cell applications. Lattice mismatch relative to aSi the lattice 
constant of Si is represented on the top x-axis scale. 

Several successes around the epitaxial integration of CIGS on III-V or group IV (Si, Ge) 

substrates are reported. Si substrates are often used to minimize the system’s lattice 

mismatch  (    
          ), leading to several successful epitaxial growth of CIGS on (001)-

oriented [17–20] as well as (111)-oriented [21,22] Si wafers. A 3.2 % efficient CdS/epi-

CIS/Si(p) cell is demonstrated by Hahn et al. in 2005 [22]. It is worth mentioning reports of 

epitaxial  CGS [23,24] and CIS [25,26] on (001)-oriented GaP wafers. Furthermore, the 

possibility of the epitaxial growth of CGS and CIS on III-V GaAs [17] and CaF2 [27] cubic 

substrates respectively was explored successfully. With the exception of ref. [20], epitaxy 

achievements on Si wafers have been obtained by molecular beam epitaxy or metalorganic 

vapour-phase epitaxy. In contrast, in CIGS production lines, the industrially relevant 

processes are coevaporation and sulfurization of metallic precursors. In both process, CIGS 

adhesion on Si can be problematic [28]. 

In this article, we expose our method to alleviate some of the latter challenges, by 

evaporating CIGS on GaP/Si(001) pseudo-substrate. In GaP/Si(001), the GaP is quasi-lattice-

matched with the Si substrate, with a lattice mismatch of 0.37% at room temperature [29]. 

The motivation for the introduction of a thin GaP interlayer between the CIGS and the Si is 
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threefold. Firstly, the high affinity of GaP for S [30] should favour the epitaxy of CIGS on 

GaP/Si(001), which would promote the fabrication of a high quality, dense and adherent 

CIGS film, with a minimal density of GBs. Indeed, as shown in Figure 1, a 1.7eV bandgap 

CuIn0.75Ga0.25S2 film shares crucial similarities with GaP and Si in terms of lattice parameters 

(lattice mismatch          with GaP and Si) and crystal structure. The CuIn0.75Ga0.25S2 

chalcopyrite is a pseudo-cubic crystal whose structure is derived from the zinc-blend and the 

diamond structures of GaP and Si, respectively. Secondly, the GaP epitaxial layer should 

impede the diffusion of potentially harmful species like Cu from the CIGS to the Si. Thirdly, 

GaP, known for its low absorption coefficient [31], has a 2.26eV indirect bandgap [32] and an 

electron affinity of 3.8eV. GaP valence band should therefore be aligned with that of CIGS 

assuming an electron affinity of 4.7eV [33,34] for the latter. Additionally, GaP’s conduction 

band should uplift a potential barrier for electrons. This theoretically makes GaP an ideal 

CIGS passivating selective contact for holes. More details can be found in a recent article 

where we exposed our motivation for growing CuGaSe2 on GaP/Si(001) [35]. 

One of the main challenges for the growth of quality epitaxial CIGS is the complexity of Cu-

In-Ga-S chemical system [36,37]. Indeed, in addition to the desired chalcopyrite (CH) CIGS 

phase, several secondary phases like the notorious thiospinel (TS) CuIn5S8 and Cu2-xS, as well 

as the CuAu-ordered (CA) CIS and zinc-blend (ZB) CIS are reported [37] – Nota bene: these 

acronyms will be often used throughout this article-.  

In the case of epi-CIGS grown by molecular beam epitaxy on Si [21,38], one can find 

systematic studies on the influence of the Ga content, or GGI, on the film’s structural 

properties. Interestingly, they conclude to the coexistence of ZB, CA alongside the CH for In-

rich CIGS (GGI < 0.4), including the relevant 1.7eV CuIn0.75Ga0.25S2. Otherwise, Ga-rich CIGS 

(GGI > 0.4) crystallize as single-phase CH. On the other hand, studies on polycrystals and 

powder conclude that the most important parameter determining the stability of secondary 

phases is the Cu content of the film. However, to the best of our knowledge, no study aimed 

at understanding the influence of the overall Cu content on the structural properties on epi-

CIGS. In this article, we aspire to fill the latter gap by investigating the crystallographic 

properties of samples grown in either Cu-deficient or Cu-excess conditions, relative to the 

1:1:2 stoichiometry of CIGS. 

In the following, we compare two Cu(In,Ga)S2 films deposited by 1-stage coevaporation on 

GaP/Si(001) at 570°C. The first CIGS sample, labelled Cu-poor, is coevaporated in Cu-

deficient conditions. A second CIGS sample, labelled Cu-rich, is coevaporated in Cu-excess 

conditions, and subsequently etched in KCN to remove any Cu2-xS residue from the surface. 

Firstly, we present the different candidate phases in the Cu-In-Ga-S system for clarity. Then, 

we thoroughly investigate by X-ray diffraction and Raman spectroscopy the structural 

properties of the main CH phase, in order to study its epitaxial relationship with the 

GaP/Si(001) pseudo-substrate. Then, we confront the Cu-poor to the Cu-rich samples, by 

comparing the presence of secondary phases in the two samples. Finally, we discuss the 

stabilisation of the CuAu-ordered secondary phase with Cu-deficiency. 
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4 Materials and methods 

4.1 Epitaxial growth of GaP on Si(001) substrates 

Prior to GaP epitaxy, the p-type Si(001) substrate with a 6° offset towards [110] (ref. [39]) is 

deoxidized ex-situ with a sequential HF(5%)/UV-O3/HF(5%) treatment, followed by an in-situ 

vacuum annealing at 800°C. A 30nm-thin pseudomorphic GaP layer is epitaxially grown on Si 

at 500°C using a solid-source Molecular Beam Epitaxy (MBE) reactor [40], at the V/III ratio of 

2. The GaP thickness is below the critical thickness of 45 to 95nm [29], which prevents the 

formation of relaxation dislocations. Therefore, the in-plane lattice parameter of the 

strained GaP film is that of Si. 

4.2 Coevaporation of Cu(In,Ga)S2 

Prior to Cu(In,Ga)S2 growth, GaP/Si(001) pseudo-substrates are deoxidized ex-situ in 

HCl(3.7%) solution for 1min. GaP/Si platforms are then quickly placed in vacuum on a 

pyrolytic carbon sample holder. The Cu(In,Ga)S2 films are deposited on GaP/Si(001) by 

thermal co-evaporation from elemental sources of Cu (99.999%), Ga (99.9999%), In 

(99.999%) and S (99.99%) in a dedicated high vacuum chamber (base pressure 10-5 mbar).  

The substrates are heated with IR-lamps. During the 45min substrate temperature ramp up 

to the deposition temperature, the GaP/Si is exposed to the S flux. During the deposition 

process, the substrates are maintained at a temperature of 570°C, as measured with a 

thermocouple positioned on the backside of the substrates. We set the S flux to about 10 to 

20 times the combined metal fluxes; such S excess prevents the formation of detrimental 

intermetallic phase clusters.  

Two CIGS runs are performed on the same GaP/Si(001) platform. Although the acronym CIGS 

implies the 1:1:2 stoichiometry of Cu(In,Ga)S2, we shall use the term Cu-poor and Cu-rich 

CIGS to refer to quaternary any Cu-In-Ga-S film grown in Cu-deficient or Cu-excess 

conditions. The Cu-poor sample is grown at a rate of 17 nm/min in Cu-deficient conditions 

and investigated as grown. The Cu-rich sample is grown at a rate of 22 nm/min in Cu-excess 

conditions, and subsequently undergoes a 2min KCN etching process in aqueous solution to 

remove Cu2-xS clusters from the surface.  

4.3 X-ray diffraction experiments 

X-ray diffraction (XRD) measurements are performed with a 5-circle Rigaku SmartLab 

diffractometer equipped with a HyPix-3000 2D X-ray detector. High-resolution scans are 

obtained with 2.5° Soller slit as receiving optics and a 2-bounce Ge(220) monochromator as 

incident optic in order to reduce the beam divergence and select the Cu Kα1 radiation with a 

wavelength of 0.15406 nm. Low-resolution scans are obtained with 2.5° Soller slits as 

incident and receiving optics, coupled with a Ni Cu-kβ filter. Longitudinal ω/2θ scans  are 

corrected to the theoretical position of the Si(004) Bragg peak. Peaks in low resolution scans 

are fitted with a sum of two pseudo-Voigt corresponding to the Kα1 and Kα2, with 

constrained areas and positions. Theoretical 2θ positions are calculated with VESTA [41] 

from lattice parameters of ref. [36,42] for CuAu-ordered CIS and CuIn5S8 respectively, and 
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ref. [36] for CIGS chalcopyrite. For the latter, theoretical positions are given for 

CuIn0.8Ga0.2S2. 

Pole figures are measured in low resolution mode without Ni Cu-kβ filter. Indexation of 

reflections on the pole figures has been performed with the help of STEREOPOLE software 

[43], which allows to superimpose the experimental pole figure data and the stereographic 

projection of candidate crystals. The      azimuth corresponds to the Si[110] direction of 

the miscut’s descending steps. 

4.4 Raman spectroscopy 

Raman spectra are collected on absorbers with a Renishaw inVia micro-Raman system, using 

a λ=514nm laser as an excitation source. Raman spectra are fitted with Lorentzian peaks. 

Assuming a spot size of 1.5λ in diameter, the incident power density is calculated to be 25 

kW/cm2. For an excitation at 514nm and assuming an extinction coefficient of k = 0.5 [44], 

the penetration depth, i.e. the probed thickness, is calculated to be              , 

meaning only the first 100nm of CIGS from the surface are analysed. Peaks are fitted using 

Lorentzian functions and are drawn as a guide for the eye. Each peak does not necessarily 

correspond to a specific or unique phonon mode. 

4.5 Energy dispersive spectroscopy 

The chemical compositions of the films are determined by using Energy-dispersive X-ray 

spectroscopy (EDX) at 20kV acceleration voltage with a JEOL JSM 5800LV electron 

microscope equipped with an EDX SAMx detector. Quantification results are available in 

supplementary information Table S1. In CuIn0.75Ga0.25S2/GaP(30nm)/Si stacks, 10 000 

electron trajectories and 10 000 X-rays generation events were calculated with Casino 

software [45] at 20kV acceleration voltage. The density of CuIn0.75Ga0.25S2 is calculated from 

ref. [46,47] and GaP and Si density is taken from ref. [48,49]. Results  

5 Results  

5.1 Thermodynamics of the Cu-In-Ga-S system 

This article deals with epitaxial thin films; therefore, to analyse the data, ab initio refinement 

or comparison with powder diffraction patterns database is not possible. Consequently, to 

interpret the data, it is important to have a coherent picture of the candidate phases in the 

Cu-In-Ga-S. In the following, we review and comment the thermodynamic stability of the 

possible phases in the latter chemical system. 

One of the many challenges of pure-sulfide CIGS is its notoriously complex chemistry, which 

unfolds when the film’s Cu content, defined as the CGI=[Cu]/([In]+[Ga]), differs from the 

ideal Cu(In,Ga)S2 stoichiometry [36,50]. On the Cu-rich side (CGI > 1), the excess in Cu atoms 

is accommodated by the formation of Cu2-xS alongside the CH phase [37]. On the Cu-poor 

side (CGI < 1) i.e. when the film is grown in copper deficient conditions, excess III atoms (In 

and Ga) are accommodated by the segregation of a variety of competing parasitic phases, 

the most common being the CuIn5S8 thiospinel phase. 
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A very comprehensive study of the entire pool of known candidates, including the 

metastable competitors, has been published by Larsen et al. [37], demonstrating the 

considerable complexity of the Na-Cu-In-Ga-S system. For simplicity’s sake, we represent the 

relevant candidates, and their associated acronym, in Table 1, ruling out the Na-containing 

compounds. The stoichiometric (CGI=1) CIGS compound crystallizes in the chalcopyrite (CH) 

tetragonal system, which can be visualized as a stack of two cubic zinc-blend lattices. Its 

original cationic sublattice ordering is apparent in the <100> zone-axis, in which we can 

clearly see that Cu and group III atoms are organized in doublets orientated in the c-axis 

direction. The CH is known to easily alloy In and Ga. In Cu-poor CIGS (CGI <1), studies of 

polycrystalline films or powders reveal additional candidates that coexist with the CH. Firstly, 

in CuAu-ordered (CA) CIS compounds, the cations are organised in the form of planes 

composed of Cu or In exclusively, stacked in the [001] direction. While CA and CH crystal 

structures are very similar, their electronic properties differ since the CA is reported to 

exhibit a metallic behaviour [42]. Secondly, the n-type CuIn5S8 Cu-poor/In-rich phase was 

found to adopt a thiospinel (TS) structure [36,51]. Lastly, the zinc-blend (ZB) CIS phase (space 

group      ) is characterised by a complete disorder of the cationic sublattice (see ref [37] 

for more details). One should note that the four structures have similar lattice parameters 

and symmetries; therefore, one can expect that the coexisting crystals can share epitaxial 

relationships.  
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Table 1: Description of the different phases of the Cu-In-Ga-S system relevant for this work. The 
crystals are represented with Vesta [41] in directions corresponding to the <100> zone-axis of the CH 
phase, rather than in directions corresponding to each crystal symmetry, to emphasize the 
crystallographic similarities (Blue: copper, Pink: III atoms, Yellow: sulfur). Note that the orientation of 
the sketches are chosen to match the orientation relation between the different phases determined in 
this work. 

 
Chalcopyrite 

(CH)[36] 
CuAu-ordering 

(CA)[42] 
Thiospinel (TS)[36] 

 
Zinc-blende (ZB)[42] 

 

<100>CH 

Vesta 
sketch 

    

Compo. Cu(In,Ga)S2 CuInS2 CuIn5S8 CuInS2 

Space 
group 

                        

Lattice 
parameter 

(Å) 

For GGI = 0.2: 
a = 5.49  
c = 11.00 

  a = 5.56 
2c = 10.98 

a = 10.69 a = 5.52 

Comment Required phase Metallic behaviour Detrimental, n-type Cationic disorder 

5.2 Determination of films composition 

Before going further, we assess the composition of the Cu-poor and KCN-etched Cu-rich 

samples by EDX (see Table S1 for detailed quantifications results). The 850nm-thick Cu-poor 

film exhibits a CGI=0.70 and a GGI=0.16, while the 1.1µm-thick Cu-rich sample after KCN 

etching has a CGI=0.93 and a GGI=0.14. Raman spectroscopy has been used to verify that 

Cu2-xS were indeed removed from the Cu-rich sample surface. On Figure 2(d), the peak 

associated with the A1 mode of Cu2-xS disappeared after KCN etching, demonstrating that no 

Cu2-xS is present on the surface after the chemical treatment.  

A CGI different from unity for the KCN-etched Cu-rich is unexpected since, from a 

thermodynamic standpoint, one would expect the as-grown Cu-rich to be composed of a 

mixture of stoichiometric CH and Cu2-xS. We interpret this discrepancy as follows: assuming 

that P from the GaP does not incorporate into the CIGS in quantities above the EDX 

detection threshold, the fact that about 1% P is unambiguously detected suggested some 

2.0keV P Kα photons escape from the GaP interlayer through the CIGS film. It is therefore 

also expected that some collected 9.2keV Ga Kα photons also originate from the GaP layer. 

We can thus infer that the Ga content of CIGS film is overestimated and that the CGI is 

underestimated, for both the Cu-rich and the Cu-poor sample. To verify this assumption, 

Casino simulations [45] have been performed. In the case of a 20keV electron beam striking 

850nm and 1.1µm CuIn0.75Ga0.25S2 films on GaP(30nm)/Si (see Figure S1), most Ga Kα X-ray 
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photons generated in GaP are able to escape the sample and be collected as displayed in 

Figure S2. To a lesser extent, the same holds for P Kα photons, which escape through the 

CIGS layer with a lower probability than Ga Kα photons. This shows that the precise 

determination of the composition of our samples is not trivial. 

We define the chalcogen-to-metals ratio as SCGI=[S]/([Cu]+[In]+[Ga]). We measure a SCGI of 

1.13 and 1.07 for the Cu-poor and the KCN-etched Cu-rich samples respectively. The slightly 

larger SCGI of the Cu-poor sample may be related to the anticipated presence of TS-CuIn5S8, 

which intrinsically has a SCGI=1.33 above unity. For the Cu-rich sample, we argue a SCGI 

different from unity may be related to the complex geometry of the stacks, which introduces 

quantification errors. In summary, EDX data is compatible with the 1:1:2 of CH-CIGS, 

although we cannot exclude that the films are marginally S-rich. 

5.3 Demonstration of epitaxial CH-Cu(In,Ga)S2 on GaP/Si(001) 

In this subsection, we put a strong focus on the main phase, and determine its orientation 

relative to the GaP/Si(001) substrate. Since several cubic and tetragonal indexation system, 

will be used throughout this article, we start by clarifying one thing. In the tetragonal CH 

system, the d-spacing of (200) and (020) planes approximately correspond to that of (004) 

planes. On the contrary, in the ZB cubic system, the (200), (020) and (002) planes are 

equivalent. In order to prevent potential confusion, we will indicate when needed the use of 

the tetragonal chalcopyrite system with the subscripts CH. For example, the (111) planes 

correspond to the (112)CH planes. For non-CH phases, the Miller indices will be given with 

the conventional index system of the relevant phase and with the CH index system. 

Figure 2(a) shows a low resolution ω/2θ scan along the Si[001] for the Cu-poor and the Cu-

rich sample, obtained in experimental conditions favouring intensity over angular resolution, 

in order to evidence phases with low diffracting volume. Apart from the contributions of the 

GaP/Si(001) pseudo-substrate, one can note on Figure 2(a) two intense reflections marked 

with the symbol ∏ at about 2θ = 32.5° and 68.2° for both samples. In the Cu-poor sample 

exclusively, additional weak reflections marked with Ξ at 2θ = 16.1° and 50.0°, and 

moderately intense contributions labelled ‡ at 33.8° and 71.2° can be seen. In the following, 

each contribution will be clarified independently, starting with the strongest contributions. 

In Figure 2(a), the most intense reflections ∏ at 2θ of 32.5° and 68.2° can be indexed either 

as (h00)CH or (00)CH planes of the CH system for both samples. To demonstrate that, a 

Raman spectrum has been recorded for the Cu-rich sample, for which only the most intense 

reflections at 2θ of 33° and 68° are observed in XRD. The spectrum of the Cu-rich sample is 

presented in Figure 2(d), and is characterised by a sharp and intense peak at 293cm-1, 

alongside weak satellite peaks. We recall that, for such high absorption materials, only the 

first 100nm are probed (see Materials and methods). The Raman spectra of the Cu-rich 

sample is characteristic of Cu-rich CH [37,52], demonstrating that the Cu-rich surface 

crystallizes as a CH. In principle, the Raman does not rule out the presence of non-CH 

crystals deeper into the CIGS films. However, several studies have shown that In-rich/Cu-

poor secondary phases tend to segregate at the surface [53] in the case of polycrystalline 

films. Therefore, Raman spectroscopy applied to the Cu-rich demonstrate that the strongest 
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reflections of Figure 2(a) can be ascribed to the CH, for both samples. The Raman and XRD 

data is perfectly compatible with the Cu-rich sample being single-phase CH. 

There are several possible configurations to accommodate the tetragonal CIGS CH lattice on 

a (001)-orientated cubic crystal [18]. The tetragonal lattice may (i) sit upwards, with its c-axis 

orthogonal to the substrate surface ("c-growth" variant) or (ii) lie horizontally, with its c-axis 

contained in the substrate’s surface plane, allowing two additional "a-growth" variants. In 

the literature, films where a-growth and c-growth variants coexist are demonstrated on both 

Si [18] and GaAs [17] with a prevalence of the c-growth variants. To elucidate the growth 

direction of the CH phase in our samples, we perform pole figure measurements at the 

Bragg angle of the CH(013) reflections, for both samples, as displayed Figure 2(b)(c). The 

Si(001) reference planes are offset from the center of the pole figures towards the        

azimuth, by a tilt of      [54], due to the sample miscut. In Figure 2(b)(c), four strong 

reflections can be found in the <110> azimuths while 4 weaker reflections are found in the 

<100> azimuths. CH(112) are expected to appear on the CH(013) pole figure due to their 

very similar Bragg angles of 2θ=28.12° and 29.26°. However, they are not found in the same 

azimuth. Based on the latter argument, one can easily identify CH(112) and CH(013) 

reflections on Figure 2(b)(c). 
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Figure 2: (a) Low resolution longitudinal ω/2θ scan along the [001] direction of the Si substrate. 
Transverse ω scans displaying the highly textures nature of the (a1) Ξ1 and (a2) Ξ2 CA peaks. (bc) Pole 
figures of the (b) Cu-poor and (c) Cu-rich sample at the theoretical Bragg angle of the CH(013) 
reflection, exclusive to the CH. A white crosshair point at the predicted position of the CH(013) planes, 
not accounting for the 6° miscut tilt. (d) Raman spectra of the Cu-rich and Cu-poor samples at 514nm 
excitation wavelength. Fitted peaks using Lorentzian function are drawn as a guide for the eye, and 
do not necessarily correspond to a specific or unique phonon mode. Inset: Zoom at the position of the 
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Cu2-xS A1 peak for the as grown and KCN-etched Cu-rich sample. (e) Schematics of the crystal stack 
[41] corresponding to the following epitaxial relationship: 
CH[100](001)//GaP[100](001)//Si[100](001). 

Interestingly, the rather weak CH(013) reflections are  exclusive to the CH and stems from 

the original ordering of the CH cationic sublattice. Studying exclusive CH(013) reflections 

allows us to get a direct insight on the CH-ordered crystallites, minimizing misinterpretations 

due to crystals with similar symmetries. In Figure 2(b)(c), the presence of CH(013) reflections 

is a strong evidence that a high diffracting volume adopts the CH ordering, regardless of 

samples Cu content. For a crystal with a GGI of 0.2, the c-growth CH variant is expected the 

display CH-exclusive peaks in the <100> azimuthal directions at         as indicated on 

Figure 2(b)(c) by a white crosshair. Contrarily, an a-growth variant would be revealed by 

signal in the same azimuth but at tilt angles of                  [18]. Therefore, 

Figure 2(b) and (c) demonstrate that for both samples, the c-growth variant is the natural 

growth variant of epi-CH on GaP/Si(001), without sign of the a-growth variant. To strengthen 

that analysis, a similar pole figure has been performed at the theoretical 2θ angle of a 

second CH-exclusive reflection, namely the CH(015). The data and its interpretation are 

presented in Figure S5. In a nutshell, the CH(015) planes exclusive to CH c-growth crystals 

are indeed visible on the pole figures of both samples. Therefore, we demonstrated that the 

most intense reflections present in both Cu-rich and Cu-poor samples on the survey scan in 

Figure 2(a) can be ascribed to the c-growth main CH phase sharing the following epitaxial 

relationship with the substrate: CH[100](001)//GaP[100](001)//Si[100](001). This means that 

the CH and the pseudo-substrate share the orientation sketched on Figure 2(e). We can 

retroactively update the indexation of the main CH reflections of Figure 2(a) as being 

multiples of the CH(00) plane family.  

In summary, thorough XRD and Raman characterisation of the strongest ∏ reflections of 

Figure 2(a) reveal that can be ascribed to the main CH phase, in both samples. We 

determined that the CH tetragonal lattice grows with its c-axis orthogonal to the Si(001) 

plane exclusively. 

5.4 Evaluation of defects and strain in the epitaxial CH-Cu(In,Ga)S2 crystal  

To study the strain and tilt state of the Cu-poor and Cu-rich overlayers, further investigation 

by mean of XRD reciprocal space mapping (RSM) is presented in Figure 3(a)(b), where the 2D 

detector is used to map the GaP and CIGS reflections around the Si(004) peaks. The 

diffraction signal is represented in reciprocal space in reduced scattering coordinate (Sx,Sz), 

with Sx contained in-plane and Sz orthogonal to the surface. CH(008) and weak GaP(004) 

nodes are found in the vicinity of the Si(004) substrate peak. It reveals that the scans of 

Figure 2(a) along Si[001] (i.e. along the full relaxation line) do not cut through the maximum 

of the CH reflections, for both samples; it follows that longitudinal ω /2θ scans presented in 

this work do not properly integrate the full extent of the CH reflections, artificially lowering 

their intensity. Indeed, the CH(008) is found to the left of the full relaxation line, rather than 

in-between the full relaxation and strain lines. This peculiar position in reciprocal space can 

be explained by a tilt exceeding 0.5° of the CH c-axis towards Sz, in addition to the full 

relaxation. This type of tilt has already been observed in GaP1-xSbx/Si(001) heterostructures, 
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and is interpreted as the contribution of the miscut angle on the plastic relaxation [55]. 

Furthermore, the broadening of CH(008) reflections in the Sx in-plane directions indicate a 

rather high degree of micromosaic distribution (in accordance with ref. [56]) and/or poor in-

plane correlation length. 

Differences in peak width between the two samples can be spotted on Figure 3(a)(b). One 

can clearly see that the Cu-rich sample displays much more intense CH(004) peaks, one order 

of magnitude above the Cu-poor CH(004) intensity. Line profiles extracted from 2D RSM of 

Figure 3(a)(b) are displayed in Figure 3(c). Profiles are at set at Sx = 0.6875nm-1, integrated 

left and right over ΔSx
 = ± 0.005nm-1, and fitted with pseudo-Voigt functions. The integral 

breadth β of the Cu-rich and Cu-poor are found to be 53.10-3nm-1 and 108.10-3nm-1
, in the Sz 

direction. The sharpening of Cu-rich sample diffraction peaks is also apparent in Figure 2(a) 

and (b)(c) where CH(00) reflection and CH-exclusive CH(103) reflections respectively are 

found to be much sharper and more intense in the Cu-rich sample. Sharper peaks in the 

direction Sz can be related to a higher correlation length and compositional homogeneity 

along the growth direction.  

 

Figure 3: Reciprocal space maps of (a) the Cu-poor and (b) the Cu-rich sample around the Si(004) 
reflection, on the same logarithmic intensity scale. Full relaxation and full strain lines are drawn. The 
diffraction signal is represented in reciprocal space in reduced scattering coordinate (Sx,Sz)= 
(Qx,Sz)/2π, with Sx contained in-plane and Sz orthogonal to the surface. (c) Line profiles from 2D maps, 
along Sz extracted at Sx = 0.6875 ± 0.0050nm-1. Integral breadths β are extracted with pseudo-Voigt 
fits.  
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The sharpening of the Cu-rich sample diffraction peaks can be correlated to the lower 

microtwin defect density. Indeed, elongated reflections found in Figure 2(a)(b), close to the 

edges and to the centre of the pole figure, are ascribed to twin crystals (already observed in 

epi-CIGS/Si [18] and epi-CIGSe/GaP/Si [35]). More accurately, the elongation of reflections 

associated with twinning is the fingerprint of microtwins (MTs) domains, by analogy to 

GaP/Si on which similar observations were made [54]. Indeed, in the tetragonal CH system, 

twin boundaries running on the CH{112} planes marked with the symbol ** in Figure 2(b) 

create three additional elongated CH{   }-type planes marked by * and labelled MT{112}. 

Twinning displaces the CH{   } planes from the southern hemisphere to the northern 

hemisphere. The most central MT reflections is found at about 16° with respect to the 

Si(001) plane. An additional twinning across the same CH(112) planes reverts the crystal back 

to its original orientation. Thus, MTs can be described as the succession of two twin 

boundaries, separated by a few atomic planes, creating a narrow twin domain propagating 

along the twinning planes.CH(112) and  MT(112) are expected to appear on the CH(013) pole 

figure due to their very similar Bragg angles of 28.12° and 29.26°. Therefore, the CH(112) and 

CH(013) pole figures in Figure S5(a)(b) and Figure 2(b)(c) respectively are very similar, and 

MT(112) are more apparent in Figure S5(a)(b). In total, 12 MT{112} reflections are visible in 

Figure 2(b)(c). Since each twin crystal creates three new MT{112} reflection each, a total of 

four twin variants are found in the epi-CIGS, in accordance with literature [18]. The lower 

intensity of peaks associated with MT(112) in the Cu-rich sample is consistent with a lower 

density of 2D MT defects, as compared to the Cu-poor sample.  

In summary, the fully relaxed CH crystals of both samples exhibit a high degree of mosaicity 

or poor in-plane correlation length. A tilt of the c-axis is estimated to be 0.5° towards the 

surface normal. We evidenced four kinds of CH-MTs. The density of MTs is found to decrease 

in the Cu-rich sample, in comparison to the Cu-poor sample. This correlates to much sharper 

diffraction peaks in the Cu-rich samples than in Cu-poor sample, compatible with an overall 

higher correlation length of diffraction planes in the former. So far, only the most intense 

reflections labelled ∏, shared by the two samples, have been dealt with.  

5.5 Evaluation of secondary phases presence in Cu-poor epi-CIGS 

It seems clear that weak intensity and short correlation lengths in the Cu-poor sample can be 

related to a higher MT density. However, another feature that needs to be addressed are the 

weak Ξ reflections at 2θ = 16.1° and 50.0° in Figure 2(a), and moderately intense 

contributions ‡ at 2θ = 33.8° and 71.2°, exclusively seen in the Cu-poor sample. In the 

following, we identify the origin of these two sets of peaks, in the light of candidate 

secondary phases, starting with the ‡ reflections.  

One can notice in Figure 2(a) the presence of additional peaks marked ‡ found exclusively in 

the Cu-poor sample. These reflections can be more easily seen in Figure 4(a), where a high 

resolution XRD scan around the GaP(002) and GaP(004) reflections is displayed. We detect 

the intense ∏ reflections ascribed to the CH, and the two moderately intense ‡ reflections 

at angles of 2θ = 33.8° and 71.2°. Based on the variation of c with the GGI (Erreur ! Source 

du renvoi introuvable. S6), the ‡ reflection could be wrongly interpreted as a signature of a 

fully relaxed CH crystal with a GGI of about 0.8; which is inconsistent with the Ga content 
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measured by EDX. A more convincing explanation would be the presence of a CuIn5S8 TS 

secondary phase, which would allow the indexation of the ‡ peaks at 2θ=33.8° and 71.2° as 

TS(00) peaks, somehow shifted relative to the theoretical position of 2θtheo = 33.55° and 

70.44°. To further investigate the nature of the TS texture, reciprocal space is mapped 

around the position of Si(004) substrate peak and displayed in Figure 3(a). The TS(004) 

appears as a reflection at high diffraction vector Sz, ruling out the polycrystalline nature of 

the TS. To discriminate between fiber texture and epitaxy, and confirm the presence of the 

TS phase, we use the same strategy as in Section 5.3, which consists in studying the TS-

exclusive reflection of the TS(022)=TS(012)CH plane family. 

 

Figure 4: High-resolution scans of the Cu-poor and Cu-rich CIGS/GaP/Si stacks and of the GaP/Si 
platform alone, along the Si[001] displaying planes of the (00l) planar family. Theoretical angular 
positions of CH-CuIn0.8Ga0.2S2 (2θ = 32.52° and 68.11°), and the TS phase (2θ = 33.52° and 70.44°) are 
given for reference.  (bc) Pole figures of the (b) Cu-poor and (c) Cu-rich sample at the theoretical 
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Bragg angle of the TS(022)=TS(012)CH reflection, exclusive to the TS. A white crosshair point at the 
predicted position of the TS(022) planes, not accounting for the 6° miscut tilt.  

On the pole figure displayed in Figure 4(b), one can see eight reflections for the Cu-poor 

sample. Four of them are found at the theoretical tilt χ and in the <110> azimuth of the 

CH(112) planes. These reflections are ascribed to an artifact originating from the scattering 

of Cu kβ X-rays by CH(112) planes (see Figure S3 for more details). The four other reflections 

match the expected tilt χ and <100> azimuth, indicated by a white circle, for the exclusive 

TS(022) reflections, demonstrating the presence of the TS phase. Furthermore, the TS(022) 

nodes are found exclusively in the <100> direction of the substrate, meaning that the CuIn5S8 

TS shares an epitaxial relationship with the CH, and a fortiori with the GaP/Si(001) pseudo-

substrate: TS[100](001)//CH[100](001). The sketches of Table 1 are chosen to reflect the 

orientation relation of the two phases. 

Overall, the relative intensity of the ‡ TS(00) and ∏ CH(00) in Figure 4(a) suggests that a 

non-negligible fraction of the Cu-poor film adopts the TS structure, which is 

thermodynamically expected for such a deviation from stoichiometry (CGI=0.70 as 

determined by EDX). Figure 4(c) shows that the TS phase fingerprint disappears for the Cu-

rich sample, in accordance with the fact that the Cu-rich sample is single-phase CH. 

In Figure 4(a), the slight shift in 2θ of the TS phase relative to the theoretical position could 

be ascribed to the presence of Ga in the TS CuIn5S8. However, the literature suggests that 

the TS is unable to dilute large quantities of Ga, unlike the CH main phase [36]. In the light of 

the epitaxial nature of TS, the shifted position of the TS phase could be understood as strain. 

Indeed, about 2.6% lattice mismatch is expected between the TS and the CH assuming a 

GGI=0.2, which could lead to in-plane tensile strain. In turn, out-of-plane compressive strain 

would tend to shift the TS peak towards higher angles.  

In the light of the presence of the TS phase is the Cu-poor sample a finer characterization of 

the main CH peak positions using high resolution XRD, can be initiated. High-resolution 

longitudinal scans of the CIGS/GaP/Si Cu-rich and Cu-poor samples, alongside the GaP/Si 

pseudo substrate alone, are displayed in Figure 4(a). The intense ∏ (00)CH peaks related to 

the CH phase are found at 2θ = 32.6° and 68.5° for the Cu-poor sample and 2θ = 32.4° and 

67.9° for the Cu-rich sample. These important discrepancies in CH c lattice parameters 

between the Cu-rich (c =11.03Å) and the Cu-poor sample (c =10.95Å), can be explained by 

important differences in the GGI of the CH from one sample to the other. Indeed, a higher 

GGI in the Cu-poor sample’s CH crystal, would decrease the lattice constant c of the CH 

phase. Indeed, assuming full relaxation of the CH crystals and knowing the evolution of c 

with the GGI (Figure S6), the CH in the Cu-rich sample is estimated to have a GGI = 0.15 while 

in the Cu-poor sample, the CH displays a GGI = 0.29. This analysis is backed up by the fits of 

the Raman spectra of Figure 2(b). The A1 mode of the CH is found at 293cm-1 and 296cm-1 for 

the Cu-rich and Cu-poor sample respectively. Based on the linear dependence of the peak 

position with GGI [52], this can be interpreted as CH crystal with a GGI of about 0.10 and 

0.25 Cu-rich and Cu-poor sample respectively. For the Cu-rich sample, good agreement 

between the GGI deduced from XRD (0.15), Raman (0.10) and measured by EDX (0.14) is 

obtained. However, for the Cu-poor sample, the GGIs deduced by XRD (0.29) and Raman 



17 
 

(0.25) are very different from the composition measured EDX (0.16). These discrepancies can 

be explained with the help of an observation made on polycrystalline CIGS films [53]. The TS 

is not able to accommodate large quantities of Ga in its structure [36]. As the CH and TS 

coexist in the Cu-poor film, most of the Ga is accommodated by the CH, so that the 

composition of the TS remains CuIn5S8. This boosts the GGI of the CH, even though the 

overall composition of the film remain unchanged. Since the TS phase tends to be located on 

the front side of the film [53], the TS containing Cu-poor sample most likely have a strong Ga 

gradient along the growth direction. On the contrary, in the monophasic Cu-rich sample, the 

Ga is most likely distributed in a more even manner in the CH, not excluding a soft GGI 

gradient along the growth direction. 

In order to confirm the presence of the TS, Raman spectroscopy analyses have been 

performed. As shown in Figure 2(d), Raman spectra are recorded for the Cu-rich and Cu-poor 

sample. Qualitatively, the two spectra are different, namely in regard to the position of the 

main peak, and to the intensity of the signal in the range 305–370cm-1. We have stated 

earlier that the spectrum of the Cu-rich sample is compatible with single-phase CH. This 

statement is untrue for the Cu-poor samples, for which we know that at least two sets of 

peaks cannot be explained by the CH phase alone, namely the ‡ TS(00) peaks and the Ξ 

peaks, unidentified so far. As a rule of thumbs, signal at Raman shifts above the main CH A1 

peak are typically ascribed to Cu-poor secondary phases, and the deconvolution is not 

straightforward [37]. CuIn5S8 has been demonstrated to give off a broad Raman signature in 

the range 320–340cm-1 [37].  In Figure 2(d), the increase in the Raman signal at 320–340cm-1 

for the Cu-poor sample relative to the Cu-rich sample, is consistent with the segregation of 

TS evidenced by XRD. Finally, for the Cu-poor spectrum, we cannot rule out the presence of 

an additional mode, at 305–307cm-1 which may be ascribed to the A1 mode of the CA phase 

[37].  

In Figure 2(a), an obvious feature of the Cu-poor sample is the presence of additional 

reflections at 2θ = 16.1° and 50.0° marked with the symbol Ξ. These peaks are found at the 

2θ of (002)CH and (006)CH-type reflections, forbidden for the CH crystal structure. The highly 

textured nature of Ξ peaks is demonstrated by the transverse scans in Figure 2(a1)(a2). This 

suggest that the presence of a highly textured parasitic phase leads to a symmetry breaking 

in the Si[001] direction Assuming rational position for S atoms, the structure factor of the TS 

phase TS(00) planes, with  = 2N + 2, N ∈ ℕ0, can be approximated by 

           –         –   , with y the occupancy ratio of Cu relative to In, in 4a sites.      is 

non zero when       . A special case arises when y = 0.5, for which the discussed 

symmetry is restored and TS(002)/TS(006) reflections are forbidden. In general, the TS 

symmetry does not forbid such (002)CH and (006)CH-type reflections. Competing values of y = 

0.296 [36] and y = 0.524 [57] have been reported, which may be due to different synthesis 

methods. As we have demonstrated that a non-negligible quantity of TS is present in the Cu-

poor sample, one can think that TS may play a role in the presence of Ξ reflections. 
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Figure 5: (a) Low-resolution scans around the CA(002)CH Ξ1 and CA(006)CH Ξ2 reflections, together 
with an asymmetric Kα1 + Kα2 pseudo-Voight fit. Theoretical positions of the CA(002)CH and CA(006)CH 
(2θ = 16.11° and 49.71°)  and of the TS(002) and TS(006) (2θ = 16.58° and 51.25°) planes (bc) Pole 
figures of the (b) Cu-poor and (c) Cu-rich sample at the theoretical Bragg angle of the 
CA(111)=CA(022)CH reflection, exclusive to the CA. A white crosshair point at the predicted position of 
the CA(022)CH planes, not accounting for the 6° miscut tilt. 

However, the Figure 5(a), which displays a low resolution scan of the weak (002)CH/(006)CH-

type reflections. Indeed, taking a closer look at the Bragg angles of 2θ=16.13° and 49.96° for 

the latter reflections in Figure 5(a), better match is found with the theoretical 2θ position of 

(002)CH/(006)CH planes of the CuAu-ordered phase, typically observed in epi-CIS/Si [19], 

rather than the TS phase. CA(002)CH and CA(006)CH reflections originate from the special 

ordering of planes composed of In atoms or of Cu atoms exclusively, as sketched in Table 1. 

Assuming rational reduced coordinates for S atom, the structure factor of the CuAu phase 

for CA(00)CH planes, with  = 2N + 2, N ∈ ℕ0, can be approximated by                . 

In this scattering vector direction, the antiphase diffusion of In and Cu atoms allow CA-

exclusive reflexions indexed at CA(002)CH and CA(006)CH. A small shift of the measured 
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position could be due to strain, a small incorporation of Ga into CA-CIS or the presence Cu 

vacancies.  

These peaks exhibit extremely small intensities of 3 orders of magnitudes bellow the 

intensity of the strong CH(004) peak at 2θ = 32.5°. This suggests that only a small volume of 

CA is present in the Cu-poor sample. We perform a rough estimation of CA- CuInS2 peak 

intensities performed with VESTA Software [41] based on lattice parameter of ref. [42]. The 

presence of the CA(002)CH at 2θ=16.13° indicate that a CA(004)CH peak of approximatively 

the same intensity is expected at 2θ=32.59°. The weak CA(004)CH peak is expected very near 

the very intense CH(004)CH peak at 2θ = 32.5°. Thus, the weak CA(004)CH is eclipsed by the 

CH(004) peak and is therefore not visible. We conclude, that the CA phase very weakly 

contributes to the CH reflections labelled ∏. The weakness of the CA fingerprint is here the 

sign that only a small volume fraction of the film crystallised in the form of a CA crystal. 

Figure 5(b)(c) shows the pole figure obtained by selecting the Bragg angle of the CA-

exclusive reflection CA(111)=CA(022)CH for the Cu-rich and Cu-poor samples. Numerous 

reflections can be seen on this pole figure and the indexation is not straightforward. The 

detailed indexation process using STEREOPOLE [43] is given in supplementary information 

Erreur ! Source du renvoi introuvable.. In the Cu-poor sample, one can see that weak 

reflections are found at the expected tilt χ = 63.17° of the CA(022)CH planes. The CA(022)CH 

reflections are found in the four Si<100> azimuthal directions of the substrate, proving the 

CA phase grows epitaxially relative to the CH phase: CA[110](001)//CH[100](001). We recall 

that the sketches of Table 1 are chosen to reflect the orientation relation of the competing 

phases. Interestingly, in the Cu-rich sample the fingerprint Ξ of the CA phase on Figure 2 (a) 

and on Figure 5(c) is eliminated, showing the absence of the CA phase in the Cu-rich sample 

In summary, we found out that the non-CH reflections of Figure 2(a), exclusively found in the 

Cu-poor sample, can be ascribed to the TS phase (reflections labeled ‡) and the CA phase 

(reflections labeled Ξ). Additionally, both share the same epitaxy relationship with the CH 

and pseudo-substrate: 

TS[100](001)//CA[100](001)//CH[100](001)//GaP[100](001)//Si[100](001). No signs of these 

secondary phases are detected in the Cu-rich samples after KCN etching, demonstrating that 

the latter is single-phase CH. 

6 Discussion 

We have shown that Cu-poor growth conditions favor the presence of the TS and the CA. In 

this section, we confront our findings to the conclusions of the literature on epi-CIGS, and to 

the predictions of the already established thermodynamics of the Cu-In-Ga-S system. We put 

a focus on discussing the reason for CA elimination with Cu-excess, by exposing 

thermodynamic and kinetic considerations. 

The elimination of the TS phase with Cu-excess is straightforward. The TS phase is only 

expected in Cu-poor samples from a thermodynamic standpoint [36]. Interestingly, only few 

articles report the presence of the TS in epi-Cu(In,Ga)S2 [27]; this may be related to the fact 

that typical epitaxy processes, like MBE or metalorganic vapour-phase epitaxy (MOVPE), 
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allow a good control of the stoichiometry. Our study clearly shows that grain boundaries 

between the CH and TS tend to be highly symmetric, following an epitaxial relationship.  

However, an explanation for the presence of metastable CA-CuInS2 in the Cu-poor sample, 

and not in the Cu-rich sample, is not as trivial and may need a discussion. Our observation of 

the stabilisation of CA with Cu-deficiency in our sample is compatible with an already  

reported increase in CA yield with decreasing Cu content [37,58], in polycrystals. It partly 

confirms the work of Larsen et al. [37] on polycrystalline films. They note that the CA is often 

present in epitaxial samples [19,37] but is not as easily evidenced in polycrystals. The reason 

could be that small volume fractions of CA, due to its natural epitaxial relationship with the 

CH phase, are easily evidenced by XRD is epi-CIGS films, simply because all crystallites share 

the same orientation. Raman on the other hand is a powerful tool for CIGS phase 

identification, but it is often complicated to discriminate peaks in the rather feature-rich 

Raman spectra of Cu-poor CIGS [37]. It is also possible that epitaxy somehow stabilizes the 

CA, due to the strain [37] from lattice mismatch or thermal expansion mismatch with the 

substrate. Strain may tip the energetic balance towards CA stabilization, which would lead to 

a higher volume fraction of CA in epitaxial samples. However, we have shown that both our 

Cu-rich and CA-containing Cu-poor samples are most likely relaxed. Furthermore, both the 

epitaxial samples are deposited at the same temperature on the same GaP/Si platform. 

Therefore, we exclude stress induced by thermal and lattice mismatch as a reason for 

differences in CA yield in the Cu-poor and Cu-rich sample.  

However, as stated before, to the best of our knowledge, no study aimed at understanding 

the influence of the overall Cu content on the structural properties of epi-CIGS. As a starting 

point of that discussion, it is necessary to consider the influence of the GGI on CA 

thermodynamic stability. According to the literature, several phases are often detected 

besides CH in epi-CIGS. We identify two often encountered non-CH cationic ordering in epi-

CIGS, the disordered ZB phase and the metastable CA phase [56]. In the case of pure-In 

ternary epi-CIS MBE-grown sample on (111)- and (001)-oriented Si, the CA and ZB phases 

tend to coexist with the ground-state CH [22,56]. On the other hand, pure-Ga ternary 

CuGaS2 exclusively crystallizes in the CH phase [18,21]. This demonstrates that the GGI plays 

an important role in CA stability in MBE-grown CIGS films. A systematic study on quaternary 

CIGS conducted by Metzner et al. [38] concluded to the coexistence of CH and CA orderings 

within CIGS films with the CH structure prevailing for higher GGI. This was later confirmed by 

Cieslak et al. [21] who reported a single-phase CH-ordered film for GGI > 0.4 while CH and CA 

coexist for GGI < 0.4, in accordance with previous work on ternary epi-CIS and epi-CGS. The 

presence of CA may be understood theoretically by considering the formation energies of 

the mentioned phases. Su and Wei [59] calculated the formation energy difference of the CA 

with respect to the reference ground state CH for CIS (2 meV/atom), CuInSe2 (2 meV/atom) 

and CuGaSe2 (9 meV/atom). Therefore, the unknown value for CuGaS2 is speculated to be 

similar to that of CuGaSe2. Consequently, in CIS, there exists only a small formation energy 

difference between the CA and CH structures; this may lead to a high probability of the 

formation of the metastable CA phase in epi-layers, in accordance with ref. [37]. Adding Ga 

elevates the formation energy of the unwanted CA phase and stabilizes the CH.  
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Both the Cu-rich and the Cu-poor sample have GGI far below 0.4; therefore, one could argue 

that the slight GGI difference between the two samples is not expected to influence the 

thermodynamic stability of the CA; the Cu content would be the decisive factor. However, 

this explanation would neglect the presence of strong local variation in GGI in the Cu-poor 

sample as a result of phase segregation of In-rich TS-CuIn5S8 and Ga-rich CH-Cu(In,Ga)S2. 

Indeed, CA may find a stable environment in the most Ga-depleted part of the film, namely 

in the region near, or even within, the TS-CuIn5S8 inclusions. This would lead to an apparent 

correlation of the CA yield and the TS volume fraction, the latter naturally being causally 

linked to Cu-deficiency [36]. It follows that the absence of TS in the Cu-rich sample, and the 

overall homogeneous distribution of the Ga in the Cu-rich sample prevent the nucleation of 

In-rich regions, leading to the complete annihilation of the CA phase in Cu-excess conditions. 

Therefore, we speculate that one of the reasons for the presence of CA is of thermodynamic 

origin.  

There exists only a small formation energy difference between the CA and CH structures; 

therefore, growth kinetics might be decisive for metastable CA yield. Indeed, no clear trend 

on the effect of Cu on CA yield can be extracted from the literature on epi-CIGS, since 

different growth techniques as well as different monocrystalline substrates, growth 

temperature, and film composition are used. Reports on epi-CIGS films grown in Cu-rich 

conditions exhibiting dominating CA phase exist [27]. This seemingly contradicts the fact 

that, from a thermodynamically standpoint, Cu-rich CIGS should be composed of 

stoichiometric CH alongside Cu2-xS [36]. However, in this reference [27], the film was grown 

at 200°C, and subsequently annealed at 400°C, much lower than the growth temperature of 

570°C used in this our work. Some reports of stoichiometric epi-CIS/Si [56] conclude to the 

complete absence of CH in favor of a CA/ZB mixture, despite the substrate temperature of 

570°C. In many articles, the CA phase is found to be the dominant ordering [27] in epi-CIGS 

with low Ga content, with up to 37% or even 80% in volume, according to ref. [21] and [56]. 

Furthermore, to the best of our knowledge, no single-phase CH film with GGI<0.4 is reported 

in the literature [21]. In our samples, even though the CA phase is present in our Cu-poor 

sample, the CA fingerprint is very weak. Furthermore, our Cu-rich epi-CIGS sample with a 

GGI < 0.2 is single-phase, and crystallizes as a CH. We concluded that the main crystal 

ordering is the CH in both samples. 

These discrepancies between the CA yield of epi-CIGS reported in the literature and that of 

our epi-CIGS sample may be explained by the different deposition techniques employed. 

While we used coevaporation, typical epitaxial growth methods reported in the literature 

include MBE [21] and MOVPE [17]. To the best of our knowledge, examples of epitaxial 

growth of CIGS films using a coevaporation physical vapour deposition system, typically used 

for polycrystalline CIGS films, have not been reported. Thus, conclusions regarding the 

influence of the GGI on presence of CA were drawn from MBE-grown samples. These 

conclusions may not apply to coevaporated CIGS samples. Furthermore, disparate 

temperatures and compositions are explored [27,56], which surely altered the crystallisation 

kinetics of the growing films. Therefore, we argue that different growth rate and overall 

deposition kinetics may lead to different crystallisation modes, explaining the difference 

between our work and references cited so far. Indeed, lower temperature may result in an 
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increase in the metastable CA fraction. However, species mobility is not only dictated by 

temperature. It also depends on the CGI of the film. Indeed, in CIGSSe, fast recrystallization 

occurs as soon as the film turns Cu-rich (CGI>1) [5,60]. The CA being metastable [37,59], it is 

possible that the higher mobility of species in Cu-rich samples [5,60] allow the crystal to 

settle in the more stable CH structure. Contrarily, lower mobility of elements in Cu-poor CIGS 

[5] may freeze the crystal in a metastable CA structure.  

To end the discussion, a limitation of our XRD-oriented study is the lack of conclusion on the 

presence or absence of metastable disordered ZB [37] which has been reported in epi-CIS 

[56]. The higher symmetry of the disordered-ZB means that it allows a lower number of 

reflections (which tend to coincide with the position of the main CH phase peaks). This 

prevents the study of ZB-exclusive reflections. Furthermore, Larsen et al. predicted that 

disordered ZB-CIGS can produce a Raman signature at 305cm-1. Therefore, the attribution of 

the shoulder at 306cm-1 to CA in Figure 2(d) is not straightforward. We cannot exclude the 

presence of disordered ZB in our Cu-poor sample. In future work, electron diffraction using a 

transmission electron microscope would be a powerful tool to highlight and locate the ZB, as 

well as the CH, TS and CA, within the film, as their electron diffraction patterns would be 

easily distinguishable from each other. 

7 Conclusions 

KCN-etched Cu-rich and Cu-poor CIGS grown on GaP/Si(001) exhibit important structural 

differences. On the one hand, the Cu-poor CIGS film is found to be composed of at least 

three phases: the main Cu(In,Ga)S2 CH phase, the In-rich CuIn5S8 TS phase and a small 

portion of metastable CA-CIS phase, all of which sharing an epitaxial relationship with each 

other and the GaP/Si(001) pseudo-substrate. On the other hand, the KCN-etched Cu-rich 

CIGS film is identified as a single-phase CH, and exhibits much shaper diffraction peaks. In 

both films, the main tetragonal CH crystal grows with its c-axis in the Si[001] out-of-plane 

direction, and coexists with 4 kinds of minor microtwins domains whose volume decreases in 

Cu-excess conditions. This study confirms previous works on the thermodynamics of the Cu-

In-Ga-S system and the stability of secondary phases like the CA and CuIn5S8. We 

demonstrate that the CA phase can be eliminated if sufficient Cu-excess is provided during 

growth. This work paves the way to the future development of CIGS/Si tandem solar cells. 
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