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Abstract 

In this study, the epitaxial growth of co-evaporated Cu(In,Ga)Se2 films (CIGSe) onto GaP/Si(001) 

pseudo-substrates, where the GaP thin layer is epitaxially grown by Molecular Beam Epitaxy (MBE), is 

investigated. Extensive structural characterisation of epi-CIGSe is carried out via X-ray diffraction as 

well as transmission electron microscopy. Sturdy evidence of an epitaxial growth of CIGSe on 

(GaP/Si)(001) is observed, with the propagation of twins originating from the GaP/Si interface, 

through the CIGSe/GaP interface. This work aims at paving the way for future CIGSe/GaP/Si 

structures for the development of tandem solar cells with a c-Si bottom cell, and a GaP interfacial 

buffer layer for band edge engineering, allowing for the monolithic epitaxial growth of high quality 

CIGSe as a thin film top cell absorber. 
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1. Introduction and objectives 

In the course of increasing solar cell efficiency beyond the Shockley-Queisser limit being about 33% 

for a single junction, multijunction architectures and in particular double junction (tandem) ones are 

the most relevant avenue. The maximum theoretical efficiency of tandem junctions is indeed around 

43% [1], explaining the impressive research effort worldwide for accelerating the development of 

this technology, with the aim of providing PV modules with an efficiency of up to 30% on the market 

by 2030 [2,3]. The most attractive option is to build onto the existing silicon technology, which will 

provide a bottom cell, while adding a top cell from existing thin film technology. Today, the 

mainstream approach is to use perovskite-based device as top cell since this latter provides 

impressive single junction efficiency up to 25.5% [4]. The silicon–perovskite tandem approach is 

already developed at the pilot stage level, with champion cell performance of 29.52%, achieved by 

Oxford-PV [5]. The second option is to use III-V semiconductor devices as top cell, this approach 

allowed to achieve a 23.7% efficiency [6]. However, these two options suffer from drawbacks, such 

as the lack of maturity for the perovskite-based (stability, upscaling) approach and wafer bonding 

technological complexity for the III-V approach [6]. Monolithic integration of III-V semiconductors 

onto silicon substrate may overcome the latter issue [7]. While being optimistic that the scientific 

community will soon solve these difficulties, there exists an alternative approach, not considered so 

far though presenting several advantages with respect to those mentioned before. This option 
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consists in considering the Cu(In,Ga)(Se,S)2 (CIGS) thin film technology, which is commercially 

implemented and already achieved record efficiency of 23.35 % [8]. The strategic objective of the 

present article is to benefit from the already existing infrastructures and create a strong industrial 

synergy by combining c-Si and CIGS technologies. However, in order to act as a top cell integrated on 

silicon, the band gap of the CIGS should ideally be close to 1.7 eV [9] and yield conversion efficiency 

of about 18-20 % [2]. On the one hand, fulfilling the band gap objective is manageable from several 

combinations, namely either CuGaSe2 (Eg  1.7 eV), CuIn0.7Ga0.3S2 (Eg  1.7 eV) or Cu(In,Ga)(Se,S)2 

mixed chalcogenides. On the other hand, the efficiencies reached by cells based on those so-called 

wide band gap CIGS absorbers are still too low for achieving high performance tandem devices; 

champion efficiency does not exceed 12 % for CuGaSe2, and is fairly higher for pure sulfides (16.9 % 

for 1.55 eV [10]). One should notice that these results were obtained for CIGS absorbers deposited 

onto Mo rear contact, which is not optimal in terms of electronic transport. Shifting to silicon 

substrates can solve two Mo-related drawbacks. Firstly, the growth onto Mo leads to polycrystalline 

films, whose grain boundaries are detrimental for such wide band gap CIGS-based solar cells 

operation [11,12]. Then, the growth onto c-Si may solve this problem if epitaxial growth of CIGS is 

achieved, thereby avoiding photo-generated carrier recombination through grain boundaries. 

Secondly, CIGS/Mo (Eg > 1.7 eV) interface is strongly recombinant [13]. Such rear side interface can 

be improved by replacing the Mo by a selective contact, allowing both hole transfer from CIGS and 

electron repeal via the introduction of an adapted conduction band discontinuity acting as an 

electronic barrier (concept schemed in Fig.1). However, because silicon band energetic configuration 

does not satisfy the second criterion, we propose the original approach consisting in the introduction 

of a suitable III-V buffer layer, also adapted for epitaxy. This role can be played by GaP and further by 

(Ga,Al)P, quasi-lattice-matched with silicon, as shown in Fig.2 [14]. Epitaxial growth of CIGSe on 

silicon and III-V compounds has been already reported [15,16] including recent outstanding results 

for epitaxial cells based on CIGSe/GaAs (Eg=1.15 eV) yielding 20% cell efficiency [17]. Note that in 

contrast to GaAs, the lattice mismatch of GaP with pure selenides is very large, especially for CuInSe2 

and lower but still important for CuGaSe2, making the task addressed hereafter challenging. 

In this work, we explore the possibility of growing epitaxial pure selenide CIGSe, with the nominal 

composition CuIn0.1Ga0.9Se2, onto GaP/silicon pseudo-substrates. High Ga content in CIGSe reduces 

the lattice mismatch with the GaP and allows bandgap widening, necessary for tandem applications. 

The kinetics of pure-Ga CGSe being unfavorable to structural and morphological reorganization [12], 

adding a little amount of indium is herein motivated by the possible CIGSe restructuration and 

spontaneous lattice matching with GaP, at the expense of slightly lower lattice matching. An in depth 

analysis of the epitaxial and structural relationships is carried out, showing that high quality epitaxy 

of CIGSe can be achieved on GaP/Si.     

2. Experimental details 

 

2.1 Epitaxial growth of GaP on Si(001) substrates 

First, epitaxial quasi-lattice matched GaP have been grown on Si(001) substrate by Molecular Beam 

Epitaxy (MBE), to realize III-V/Si pseudo-substrates [18]. 90 nm thin GaP layers have been grown 

using a RIBER solid-source MBE reactor, on a Si substrate with a 4° miscut towards [110] in order to 

promote burying of AntiPhase Domains [19,20]. GaP is quasi-lattice-matched to Si, with only a 0.4% 

mismatch at room temperature. The GaP/Si samples have been grown at 580 °C using a two-step 

procedure with a first 20 nm- thin MEE (Molecular Enhanced Epitaxy) GaP layer, followed by a 70 nm 

thin MBE GaP layer (see ref [18] and [21] for more details on the growth process). MEE consists in 

alternated growth of Ga and P atomic layers, with, in this case, Ga as a prelayer. This technique 
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allows a pseudo-2D growth mode even at relatively low growth temperature [18,22]. Strategies (Si 

surface preparation, and growth temperature variations) to mitigate specifically the appearance of 

micro-twins (MTs) were not used in this work, thus leading to the presence of MTs in the studied 

samples, contrarily to other state-of-the art GaP/Si samples [21,23]. Indeed, the purpose of this study 

was to verify the potentiality of the CIGSe growth onto a GaP/Si(001) pseudo-substrate, prior to any 

thorough growth development.  

2.2 CuIn0.1Ga0.9Se2 growth 

The investigated nominal CuIn0.1Ga0.9Se2 films were deposited by thermal co-evaporation from 

elemental sources of Cu (99.999%), Ga (99.9999%), In (99.999%) and Se (99.999%) in a dedicated 

high vacuum chamber, where the base pressure was below 6.10-7 mbar, and did not exceed 3.10-6 

mbar during deposition. Such a system offers many free parameters such as evaporation fluxes of 

each element and substrates temperature. During the whole process, the substrates, heated with IR-

lamps, were maintained at a temperature of 600°C measured with a thermocouple positioned at the 

backside of the substrates.  

These 1.7 µm-thick CIGSe layers were deposited onto GaP/c-Si(001) platforms previously glued with 

melted indium onto Mo/soda lime glass (SLG) substrate. This latter procedure ensures that the 

temperature of GaP/c-Si is homogeneous and similar to that of standardly used Mo/SLG, for which 

the growth chamber’s parameters are optimized. The platforms were cleaned in ultrasonic bath of 

acetone, then ethanol at room temperature before being dried with N2.  

The process herein implemented is a sequential process called CuPRO, meaning Cu-poor/Rich/Off, 

initially developed at Uppsala University [24]. Fundamentally, it consists in 3 sequential steps, but 

differs from the well-known “3-stage” process [25] in that the substrate temperature (600°C) and the 

In and Ga atomic fluxes (i.e. In and Ga) are kept constant. This less technologically demanding 

process was chosen because it is compatible with large scale implementation (e.g. constant substrate 

temperature, lower temperature growth and faster than the regular bithermal 3-stage process 

[26,27]). During the CuPRO process, the only varying parameter is the Cu atomic flux (Cu), which is 

set to a value corresponding to Cu/(In+ Ga)  0.8  during the 1st stage, then increased up to 

Cu/(In+ Ga)  1.1 during the 2nd stage, until the growing layer turns Cu-rich. Finally, Cu flux is 

turned off until the growing layer turns Cu-poor again. The Cu-poor/Cu-rich and Cu-rich/Cu-poor 

transitions are followed in situ thanks to the evolution of the IR-lamps power supplied to maintain 

the substrates at 600°C (see Fig.3). The targeted global composition of the films corresponds to GGI = 

[Ga]/([In]+[Ga])  0.9 and CGI = [Cu]/([In]+[Ga])  0.95 (i.e. slightly Cu-poor). Adding a little amount 

of indium is herein motivated by possible CIGSe spontaneous lattice matching relative to GaP while 

the recrystallization occurs during the Cu-rich second step [28,29]. Note that during the whole 

growth process, excess selenium flux (10 < Se/metals < 20) is supplied to prevent the formation of 

detrimental intermetallic phase clusters. The herein applied sequential deposition process is depicted 

in Fig.3. 

2.3 Advanced X-Ray diffraction 

X-ray diffraction (XRD) was performed on a 4 circles Bruker D8 diffractometer (horizontal scattering 

plane geometry) using two different modes of this instrument: (i) the standard low-resolution mode 

used for the pole figures measurements and (ii) a high-resolution mode for the /2 longitudinal 

scan mode. This diffractometer is equipped with a 1D Gobel Multi-layer Mirror placed on the linear 

focus window of a standard sealed tube as primary optics. The feeding power is set to 40 kV/40 mA. 

The detector is a LynxEyeTM, 1 dimensional position sensitive detector (PSD). It is used either in PSD 
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or point detector modes. This PSD is positioned at 300 mm from the goniometer center and presents 

180 channels making a maximum of 13.5 mm (2.6°) in the horizontal direction. Details of the XRD 

experiments can be found in ref [23]. Considering the /2 longitudinal scans, particular attention 

has been paid to the sample adjustments to account for the 4° substrate miscut, aligning the 

diffraction vector direction with respect to the diffraction planes instead of the sample surface.  

2.4 Advanced local characterization by Transmission Electron Microscopy (TEM) 

Scanning Transmission Electron Microscopy (S/TEM) characterization was performed on a Cs-probe 

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 (EDS) maps with 4 windowless 

silicon drift detectors (Super-X system). Four-dimensional STEM (4D-STEM) was implemented to 

image the 2D electron diffraction pattern on a OneView CMOS camera at each position in a 2D array 

rastered by the probe. In order to avoid superimposition of the diffracted disks, convergence angle 

was lowered to 0.65 mrad. TEM cross sectional specimens were prepared by mechanical polishing 

followed by ion milling (Gatan PIPS 691) at low voltage and low temperature (- 40 °C) to limit sample 

degradation.  

3 Results and discussion 

 

3.1. Epitaxial relationship between the CIGSe and the GaP/Si(001) pseudo-substrate. 

 

Advanced XRD investigations 

 

In the following, we present characteristic features of the structural properties of wide band gap 

CIGSe films grown on GaP/Si(001) pseudo-substrates, obtained by XRD, for CIGSe layers displaying a 

global GGI of 0.85 as measured by TEM-EDS, close to the nominal GGI of 0.9. In the tetragonal 

chalcopyrite system, the lattice parameter c in very close to 2a. Thus, it may prove difficult to 

discriminate the (00l) from the (h00) broad Bragg reflections. In practice, domains with c axis in the 

three possible directions in real space may appear [17]. In particular, the ω/2θ longitudinal scan 

displays only the CIGSe(00l) or CIGSe(h00) Bragg diffraction peaks, with h and l even, in the vicinity of 

the GaP/Si (00l) ones (Fig. 4). In this diffraction geometry, the diffraction vector direction is 

maintained along the [00l] crystalline direction of the silicon substrate. Thus, the longitudinal scan 

reveals at least a strong CIGSe [h00] or [00l] texture, either from a fiber texture or an epitaxy, as 

confirmed by the relatively sharp peak in the ω-transverse scan performed around the 

CIGSe(400)/(008) Bragg peak (Fig.5). We likely witness a broadening of the CIGSe Bragg peaks in the 

ω/2θ longitudinal as a consequence of the lattice parameter variation along the growth direction; 

this is likely due to the sequential process applied for CIGSe film growth, giving rise to a variation of 

the CIGSe composition along the growth direction. However, we identify two peaks at 2θ = 66.2° and 

67.3°, with XRD signal in the range 65° to 67.5°. Such an important dispersion of the CIGSe(400)/(008) 

Bragg peak cannot be explained solely by the presence of a composition gradient along the growth 

direction, as a variation of ΔGGI=±0.1 would distribute the CIGSe(008)/(400) reflection on a 2θ 

window of less than 1°. A typical CIGSe layer with GGI of around 0.8 is expected to exhibit a 

separation of the CIGSe(400)/(008) reflections (i.e. tetragonal splitting) as a result of the tetragonal 

distortion (c/a = 1.97) : the separate CIGSe(400) and the CIGSe(008) reflections would be found at 2θ 

= 66.2° and 67.3°. This is compatible with the XRD data, as well as the EDS-TEM data, and might 

suggest that both a and c lattice parameters are detected along the growth direction. We explain this 

by the possible presence of at least two different variants of the tetragonal CIGSe crystal (i) one with 
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its c-axis orthogonal to the pseudo-substrate’s surface (a-matched), (ii) and one, or two, with their c-

axis lying horizontally on the pseudo-substrate’s surface (c/2-matched). Theoretical intensities of the 

CIGSe(400) and CIGSe(008) reflections are roughly equal. Thus, comparing the experimental intensity 

of the two reflections may indicate that a higher volume of the c/2-matched CIGSe variant is present 

in the epi-layer. This could be explained by considering CIGSe’s lower lattice mismatch in c/2 (1.5%) 

compared to the a-axis (3.2%), with respect to GaP. Finally, one can notice a weak CIGSe (112) 

Bragg peak at around 27° attributed to the presence of a residual polycrystalline phase.  

 

Moreover, when scanning in an asymmetric ω/2θ mode, in the vicinity of the (202) GaP/Si Bragg 

reflection, the (220)/(204) CIGSe Bragg reflection is evidenced (Fig.6). Finally, a XRD pole figure 

performed on the CIGSe(220)/(204) Bragg diffraction peak displays reciprocal lattice point (RLP) 

positions at around 45° from the pole figure center (Fig.7). CIGSe(220)/(204) reflections are detected 

along the four <100> azimuths of the pseudo-substrate. Therefore, XRD measurements reveal a high 

degree of epitaxy for the CIGSe grown on the GaP/Si pseudo-substrate. One can notice that the RLP 

centers are shifted downward due to the 4° miscut of the substrate towards the [110] direction. One 

can also notice reflections found at tilt angles χ=20°. The CIGSe/GaP lattice mismatch allows us to 

select the CIGSe(220)/(204) reflections alone, eliminating the GaP(202) from the pole figure. These 

additional reflections may correspond to CIGSe(220)/(204) microtwins (MTs), suggesting twin 

domains exist in the CIGSe. Indeed, in the tetragonal chalcopyrite system, twin boundaries running 

on the (112) planes may create additional (102) twin planes precisely tilted by 19.5° with respect to 

the (001) plane. An additional twinning across the same (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. This is 

analogous to the observation of MTs reflections at χ = 15.9° on cubic GaP(111) pole figures reported 

in ref. [21].   

 

TEM investigations 

 

In order to explore the local structural properties of the CIGSe/GaP interface and of the individual 

layers, we conducted analyses by transmission electron microscopy. Selected area electron 

diffraction (SAED) patterns were acquired along the sample’s cross section after orientating the Si 

wafer along [110]. These results confirm the epitaxial orientation between the CIGSe, GaP and Si 

layers (Fig.8). A schematic picture of the proposed atom stacking in CIGSe/GaP/Si evidenced in this 

work is also given in Fig.8.d. CIGSe orientation is maintained over ¾ of the layer. At the top of CIGSe 

layer, large grains appear. Their SAED patterns can still be explained by a [110] orientation but with 

few degrees misorientation. Other results displayed in the Supplementary Information (SI Fig.S1) 

have shown that twinned grains are also present at the top of the CIGSe layer. These results confirm 

those obtained by XRD. Twin grains close to the surface should contribute to the total volume twin 

crystal volume alongside MTs, strengthening the associated XRD reflections at χ=20° (Fig.7).  

Energy-dispersive X-ray spectroscopy (EDS) profiles depicted in Fig.9 clearly show that contrary to Cu, 

the In/Ga atomic ratio varies throughout the CIGSe layer. In content increases from the CIGSe/GaP 

interface up to the middle of the CIGSe and then decreases towards the CIGSe surface. On the other 

hand, Ga content profile is opposite, keeping the group III elements (In + Ga) total atomic content 

similar (GGI  0.85) throughout the whole CIGSe layer. The reason for such an evolution can be either 

the lattice mismatch between GaP and CIGSe crystalline structures (see SI Tab.S1), which is much 

more favorable between GaP and CuGaSe2 ( 3 %) than CuInSe2 ( 6 %), or the CIGSe growth process 

itself, which is known to favor the so called V-shaped GGI profiles [30,31].  
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The STEM-HAADF images presented in the Fig.10 does not evidence any amorphous phase at the 

interface, corroborating the epitaxial growth of the CIGSe on the GaP/Si pseudo-substrate.  

 

3.2. Evaluation of extended crystalline defects in CIGSe/GaP/c-Si structures 

As already mentioned, the purpose of this study was to confirm the potentiality of the CIGSe growth 

onto a GaP/Si(001) pseudo-substrate, prior to any thorough growth development. Therefore, the 

GaP/Si(001) pseudo-substrates used in this study were not at the state-of-the-art and contained 

various extended defects such as microtwins originating from the GaP/Si interface and emerging at 

the GaP surface [23].  

Looking thoroughly at the XRD pole figure performed on the (220)/(204) CIGSe Bragg peak (Fig.7), the 

RLP localized at around 20° from the pole figure center and displaying low intensity are likely due to 

some MTs reminiscent from the GaP layer [21] as stated earlier in section 3.1. MTs probably 

propagate across the CIGSe/GaP interface. Indeed, when performing ω/2θ scan at these RLP 

positions, we find the same (220)/(204) Bragg diffraction peak positions than for the 45° RLP ones 

due to the main crystalline phase, showing that the MT RLP (at χ = 20°) originate from the same 

lattice plane family than in the main phase (at χ = 45°) and not from another crystalline plane family. 

Moreover, in order to evaluate the morphology of the monolithic epi-structure, SEM observations 

were performed on samples cross section (Fig.11).    

This image firstly shows that CIGSe/GaP interface is compact and free of voids. As far as the ‘bulk’ of 

CIGSe layer is concerned, Fig.11 also reveals specific shapes looking like cracks or crevices. At first 

glance, these extended crystalline defects could correspond to specific grain boundaries, regularly 

observed in polycrystalline CIGSe layers, which would contradict the conclusions of the advanced 

XRD and TEM investigations. Interestingly, these latter are all oriented similarly relative to the plane 

of the substrate, yielding pyramidal top shapes forming angles of about 71° (see SI Fig.S3). In the case 

of chalcopyrite crystals, 71° is namely the angle between two planes of the {112} family. Secondly, 

we observe 51° (59° angles) between the right-sided (left-sided) facets of the pyramids and the 

pseudo-substrate surface. This may  correspond to the 55° expected angle between (112) and (001) 

planes corrected by the ±4° miscut angle, thus favoring the CIGSe{112} microtwin hypothesis. 

Additionally, further TEM analyses (see Fig.12) clearly reveal that these defects originate from MTs 

inside the GaP layer which propagate across the CIGSe/GaP interface in the CIGSe layer. 

Indeed, the micro-twins, which originate from the GaP growth on Si wafer [21], give rise to additional 

spots corresponding to twin domains crystallographic fingerprints, as visible in Fig.12.d compared to 

the monocrystalline ED pattern Fig.12.c. The virtual dark field image Fig.12.f was obtained by 

measuring the additional spots intensity only and assigning the resulting value to the corresponding 

pixel. It clearly shows that this defect propagates (as a bright straight line) across the whole GaP 

layer, from the c-Si to the CIGSe/GaP interface, and extends over few tens nanometers within the 

CIGSe layer. This was also observed by classical TEM imaging (see SI Fig.S4). This propagating defect is 

another signature of the epitaxial growth of CIGSe onto GaP/Si(001) pseudo-substrate. In addition, it 

is worth mentioning that a pyramidal shape is observed at the CIGSe/GaP interface (see Fig.11). Such 

irregular faceting is typically observed when antiphase domains are not yet buried [19]. Given that 

growth conditions were not optimized here, with an overall small thickness of GaP (90nm), this result 

is therefore not surprising [20]. Interestingly, the in-plane rotation of the GaP crystal by 90° in 

antiphase domains doesn’t seem to impact significantly the crystal quality or orientation of the 

CIGSe, as expected theoretically from the schematic representation of atoms stacking given in Fig.8. 
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Finally, the high-resolution HAADF-STEM micrograph presented in SI Fig.S5 also evidences that some 

of the defects are generated at the heterogeneous CIGSe/GaP interface. These defects however do 

not propagate over long distances in the sample (in SI Fig.S5, the observed stacking fault only 

propagates over 10 nm), suggesting that even if CIGSe crystalline structure is not perfect, its 

adaptability allows to suppress some of the defects created at the interface. 

From all these observations, we therefore demonstrated that CIGSe materials can be epitaxially 

integrated on a III-V/Si platform, with a robust epitaxial relationship. Further development of high 

efficiency CIGSe/III-V/Si tandem devices are therefore conditioned by (i) the necessity to reduce 

stacking faults and MTs at the III-V/Si interface, which appear to have drastic impact on the CIGSe 

crystal quality (voids and crevices), (ii) the management of antiphase domains, that does not seem to 

impact the crystal quality of the CIGSe, but would certainly impact carriers transport in the III-V 

epilayer.  

 

4. Conclusions 

We report on the epitaxial growth of a Cu(In,Ga)Se2 film on a GaP/Si(001) pseudo-substrate, using a 

co-evaporation growth process. Thorough structural analyses, through both XRD and TEM 

measurements, show evidence of a strong epitaxy of the 1.7 µm thick CIGSe layer. This preliminary 

study opens up many possibilities for bandgap engineering of the CIGS solar cell back contact and 

selective transparent contacts, as band lineups and bandgaps can be tuned at will using different 

compositions in GaAlP or GaAlAs ternary alloys. Work on completed cells using ZnO/CdS/epi-CIGS/III-

V/p+-Si is in progress. In the future, the silicon substrate will be replaced by a silicon bottom cell. It is 

therefore a first step towards the development of high-efficiency CIGS/Si tandem solar cells. 

Figures  
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Figure 1: Energetic diagram for an ideal CIGS/c-Si tandem cell including selective III-V contact at the 

interface between CIGS and c-Si. Charge carrier pathways are also represented. 

 

Figure 2: Band gap vs lattice mismatch for chalcopyrites, silicon and III-V [14]. Gallium phosphide GaP 

is quasi lattice matched with Si. Additionally, in the Cu(In,Ga)(S,Se)2 family, pure-Ga CIGSe selenides 

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. 
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Figure 3: Evolution of Cu, In and Ga atomic fluxes () during the whole deposition process. Inset: 

output power of IR-lamps showing Cu-poor/Cu-rich/Cu-poor transitions. 

 

Figure 4: ω/2θ longitudinal scan on the CIGSe/GaP/Si sample. (a) wide ω/2θ scan displaying intense 

(00l) and (h00) reflections with even h and l, compatible with the CIGSe chalcopyrite structure (b) 

Focus around the GaP(004) peak showing evidence of the tetragonal splitting of the CIGSe(400) and 

CIGSe(008) reflections 
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Figure 5: XRD ω transverse scan selecting the CIGSe(400) reflection (black), as compared to the 

GaP(004) reflection (red) 

 

Figure 6: /2 scan around the (202) GaP/Si Bragg reflection (oblique planes) on the CIGSe/GaP/Si 
sample, showing the (220)/(204) CIGSe Bragg reflection. 
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Figure 7: Pole figure on the  CIGSe(220)/(204) Bragg peak. Weaker reflections at χ=20° are 
attributed to the presence of MTs. The CIGSe/GaP lattice mismatch allows to select the 
CIGSe(220)/(204) reflections alone, eliminating the GaP(202) from the pole figure. 
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Figure 8: (a) Cross section TEM bright field micrograph. (b) Selected area electron diffraction patterns 

acquired in Si substrate (1), GaP layer (2) and CIGSe layer (3 to 6). (c) Simulated electron diffraction 

patterns of Si, GaP and CIGSe crystalline structures along [110]. (d) Corresponding schematic of the 

crystalline structures stacking considering the CIGSe a-matched crystallographic variant. The figure 

represents the pure-Ga CGSe chalcopyrite structure for simplicity’s sake 
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Figure 9: (a) Cross section Energy-dispersive X-ray spectroscopy (EDS) mapping (pink: In, green: Ga). 

(b) Corresponding spectrum profile obtained by integrating the signal in the blue box from the 

CIGSe/GaP interface to the CIGSe surface (pink: In, green: Ga, red: Cu).  

 

Figure 10: (a) STEM-HAADF image of the interface between the CIGSe and the GaP layers in the [110] 

zone-axis direction (with FFT of each layer as insets), showing the epitaxy between both layers. Fast 

Fourier transforms are unable to discriminate CIGSe’s growth direction. (b) STEM-HAADF image 

displaying an abrupt and ordered CIGSe/GaP interface after Wien filtering.  
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Figure 11: SEM cross section of the investigated CIGSe/GaP/ c-Si structure.  

 

Figure 12: 4D STEM analysis of CIGSe/GaP/c-Si cross section sample. (a) STEM-HAADF image of the 

stacked layers. (b) 4D STEM map in which each pixel contains a 2D electron diffraction (ED) pattern. 

(c) and (d) Extracted ED patterns at pixels defined by red and blue points in (b). ED pattern in (d) 

clearly show additional spots compared to (c). Some of these additional diffracted spots are marked 

by blue arrows. (e) Virtual bright field image obtained by selecting only the transmitted beam (red 

arrow) in the ED patterns with a numerical mask. (f) Virtual dark field image obtained by selecting 

only the additional diffracted spots in the ED patterns with a numerical mask.  
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