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Abstract 

Cu-poor compositions are key for obtaining high efficiency Cu(In,Ga)Se2 (CIGSe) devices. These 

conditions lead to Cu deficit accommodation mechanisms like the formation of Cu-related defects 
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in the CIGSe crystal structure or of ordered vacancy compound. However, the origin of the benefits 

of Cu-poor compositions is still under discussion since these mechanisms are difficult to detect 

and characterize. In this work, a high precision Raman spectroscopy and X-ray diffraction analysis 

on a compositionally-graded CISe sample ([Cu]/[In] ratios from 0.48 to 1.03) allows us to shed 

light on this topic by reporting the detection of a “defective chalcopyrite phase” in the slightly Cu-

poor compositional regime that may play a critical role, rather than other previously discussed 

mechanisms, on device performance. This phase is mainly characterized by the formation of a 

specific defect in the CISe structure which also contributes to appearance of a Raman peak at 230 

cm-1. Finally, the analysis of high efficiency (>18 %) CIGSe solar cells and the extrapolation of 

the results on defect formation obtained for CISe, suggest a possible impact of the defective 

chalcopyrite phase on the open circuit voltage of the devices, and opens a possible way to further 

investigate and develop the chalcopyrite based technologies. 

Keywords: CIGSe, Raman spectroscopy, X-ray diffraction, Defects, Phase composition 

 

1. Introduction 

Cu(In,Ga)Se2 (CIGSe) (and related compounds) is one of the most promising thin film 

photovoltaic (PV) technologies for the development of cost efficient solar cells. This is mainly 

related to its high absorption coefficient (>105 cm-1) [1] and band gap tunability (from 1 to 1.7 eV 

by changing the In-Ga content) [2] that together with alkaline doping strategies [3,4] have led to a 

23.35 % record solar cell at lab scale [5]. This constitutes the highest device efficiency achieved 

up to now for a thin film photovoltaic technology that has already reached the global PV market, 

and is comparable with the record efficiency of multi-crystalline Si [6], the dominant commercial 

technology. The control of Cu composition has been proved to be a key issue to achieve high 

efficiency devices. In particular, a Cu-deficient absorber surface has been observed to greatly 

enhance the open circuit voltage (Voc) of CIGSe solar cells in comparison to purely stoichiometric 

absorbers [7]. Such a beneficial Cu-depleted surface is usually achieved using a 3-stage co-

evaporation process (that also includes a Cu-rich intermediate process step for improving the 

crystalline quality of the layers) [8]. Additional device efficiency improvements have been recently 

achieved by the development of alkaline post deposition treatments (PDT) which, in turn, have 

also been linked to a reduction of Cu content at the absorber surface [3,9,10]. The efficiency 
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improvements observed in Cu-poor CIGSe devices are believed to be mainly due to a diminished 

recombination at the CdS/CIGSe interface [11,12]. 

Cu deficiency at the absorber surface is commonly accompanied by the presence of ordered 

vacancy compounds (OVC), i.e. Cu(In,Ga)3Se5 [13]. These compounds possess a wider bandgap 

than CIGSe and a band structure such that the conduction band alignment with CIGSe is rather flat 

while introducing a valence band offset that repels holes from the CdS/CIGSe interface which 

matches with the reduced recombination and improved device properties observed experimentally 

[14,15]. In fact, Nishimura et al. directly introduced Cu(In,Ga)3Se5 nanolayers at the CdS/CIGSe 

interface and obtained direct proof of this beneficial effect finding an optimum OVC thickness in 

terms of device performance [14]. Similarly, in a previous work, we showed a clear correlation 

between the relative contribution of a Raman peak attributed to an OVC vibrational mode with the 

Voc of electrodeposited CIGSe solar cells allowing to define an optimum OVC content leading to 

the highest Voc and photovoltaic efficiency [16]. 

All these previous results render clear that the analysis and profound comprehension of Cu-poor 

surfaces in CIGSe devices is of utmost importance to keep improving the technology. However, 

the exact mechanisms behind the beneficial effects of Cu-poor compositions are still under debate. 

As such, in this work, we present a thorough analysis of the influence of Cu-content on the 

structural properties of CuInSe2 (CISe) and on the formation of the OVC phase for a wide range 

of compositions (with [Cu]/[In] ratios ranging between 0.48 and 1.03) by means of a detailed 

Raman scattering and X-ray diffraction analyses (XRD) of a compositionally-graded sample. The 

correlation between Raman and XRD measurements allows reporting the detection and evolution 

of a “defective chalcopyrite phase” in the slightly Cu-poor compositional regime (corresponding 

to [Cu]/[In] ratios between 0.7 and 1.0) that coexists with the OVC phase and plays a critical role, 

rather than other previously discussed mechanisms, on device performance. A detailed vibrational 

and structural characterization suggests that this defective chalcopyrite phase is the result of the 

formation of a specific defect in the CISe structure associated with the intensity enhancement of 

the Raman peak at 230 cm-1. Finally, the analysis of high efficiency (> 18 %) CIGSe-based solar 

cells with slightly different [Cu]/([In]+[Ga]) content ratios, supposes a possible impact of the 

defective chalcopyrite phase on the open circuit voltage of the devices. The finding of this phase 

may represent a game change in the current understanding of chalcopyrite based PV devices, while 
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further investigations of it influence to the optoelectronic properties of the solar cells can be a 

possible way for the continues development of this technology. 

 

2. Experimental details 

The core of this work focuses on the study of a 10×10 cm2 compositionally-graded CuInSe2 (CISe) 

sample. The use of such graded sample enables the study of a wide compositional range within 

one sample in a practical way and ensures that all the sub-cells with different compositions 

analyzed in this work underwent the exact same fabrication process allowing to exclude process-

related variations (a picture of the sample can be found at the left side of Figure S1 of the 

Supporting Information). The compositionally graded sample was prepared on a Mo-coated soda-

lime glass (SLG) substrate. In order to achieve a [Cu]/[In] compositional gradient, a spatially 

thickness-graded Cu layer was deposited on the substrate by DC-magnetron sputtering (Alliance 

AC450) with no holder rotation so that the grading occurred naturally as a consequence of the 

target-substrate geometry. An In layer was subsequently deposited onto it by thermal evaporation 

(Oerlikon Univex 250). In order to synthesize the CuInSe2 phase, the Cu-In precursor was 

submitted to a thermal reactive annealing. It was first placed inside a graphite box together with 

elemental Se (100 mg, Alfa‐Aesar, powder, 200 mesh, 99.999%). Then, the graphite box was 

introduced into a 3-zone tubular furnace where the following 2-step thermal annealing was 

performed: i) 400 ºC for 30 min at 1.5 mbar of Ar pressure (under continuous Ar flow); and ii) 550 

ºC for 15 min at 1 bar of Ar pressure. A compositional mapping of the graded CuInSe2 absorber 

sample was performed by X-ray fluorescence (XRF) using a Fisherscope XDV-SDD spectrometer. 

The measurements were carried out in a 100 (10×10) points grid covering the full area of the 

sample using a 50 kV accelerating voltage, a Ni10 filter to reduce the background signal and an 

integration time per measuring point of 45 s. As shown in Figure S1 (right panel), a [Cu]/[In] 

compositional grading from ~0.5 to ~1.0 was obtained. These compositional data were used to 

select, identify and denote the areas measured in the subsequent XRD and Raman analyses. It 

should be noted that compositional variations due to different integrated area is reflected by 

different error values of XRF data in XRD and Raman analysis. 

X-ray diffraction measurements were performed on selected areas covering the full compositional 

range by means of a PANalytical X’Pert PRO MPD alpha1 diffractometer in a Bragg-Brentano 
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θ/2θ configuration using Cu Kα1 radiation (λ = 1.5406 Å), selected by means of a Johanson type 

Ge (111) focusing primary monochromator, and a X’Celerator silicon strip 1D detector. High 

resolution, high statistics, full angular range 2θ scans were obtained with the following parameters: 

2θ/θ scans from 4 to 145º; step size 0.0166º; measuring time per step 200 seconds (X’Celerator 

active length 2.113º); 2 consecutive repeated scans; total measuring time per sample 7.5 hours. An 

automatic divergence slit system and a mask enabled a constant irradiated surface (10 × 12 mm2) 

over the analyzed sample. It should be noted that, despite the relatively large irradiated surface, 

the compositional variations that exist within the surface area of a single XRD measurement can 

be neglected in comparison to the variations that exist between the different XRD measuring areas 

as can be deduced from the XRF mapping (Figure S1). The diffracting volume was constant over 

all the measured angular range taking into account the finite thickness of the analyzed thin film. 

Full profile analysis was performed with the TOPAS v6 software [17,18]. The background was 

modelled with a 15th order Chebyschev polynomial. The instrumental contribution to the 

diffraction profile was calculated with the Fundamental Parameters Approach [19]. The width of 

the Bragg reflections for each phase was modelled with the Double-Voigt Approach [20] by 

considering both the Lorentzian contribution of the crystallite size effect and the Gaussian 

contribution of the microstrain to the reflections width. 

Raman scattering spectra were measured on selected points covering the full compositional range 

(25 regions with dimensions 0.3×0.3 cm2) using an iHR-320 monochromator from Horiba Jobin-

Yvon coupled with a CCD detector. The measurements were performed in a backscattering 

configuration using an optical probe specifically designed at IREC (spot size diameter on the 

sample surface of ~70 µm). A solid-state laser with 785 nm laser line was used as excitation source 

with a laser power density of about 100 W/cm2. These conditions ensured the absence of thermal 

effects in the Raman spectra. The spectra were calibrated by imposing the position of the main 

peak of monocrystalline Si to 520 cm-1. 

The structural characterisation of the CISe samples was further continued with Raman scattering 

and optoelectronic characterisation of high efficiency (>18 %) Cu(In,Ga)Se2 (CIGSe)-based solar 

cells that were fabricated according to the processes described in [21]. The CIGSe absorbers were 

deposited on Mo-coated alkali-aluminosilicate glass substrates using a co-evaporation process. 

This was followed by a chemical bath deposition of a thin Zn(O,S) buffer layer, a sputtered 

(Zn,Mg)O and ZnO:Al window layer, and a Ni/Al grid. The final sample (1×5 cm2) was 



6 

mechanically scribed into 10 solar cells with an area about 0.5 cm2, and a slight variation of the 

compositional ratios was defined for each cell ([Cu]/([In]+[Ga]) = 0.91±0.02 and [Ga]/([In]+[Ga]) 

= 0.31±0.02) employing a similar XRF system to that described above. For the optoelectronic 

characterization of the solar cells, I-V measurements were made under illumination using a Sun 

3000 class AAA solar simulator from Abet Technology. Measurements were carried out after the 

calibration of the system with a reference Si solar cell under AM 1.5 illumination and fixing the 

temperature of the samples to 298 K. The used excitation wavelength, 785 nm, allowed to perform 

the measurements directly on the complete devices and obtain signal only from the absorber 

without interaction with upper layers, due to their high band gap. 

 

3. Results and discussions 

Figure 1 shows the Raman spectra measured in the compositionally graded CISe sample in regions 

with different [Cu]/[In] ratios. The compositional gradient mainly results in the evolution of the 

relative intensity of the three bands centered at 153, 175 and 235 cm-1. The peak at 175 cm-1 is 

associated to the A1 symmetry mode of the chalcopyrite CuInSe2 phase (related to Se-Se 

vibrations) [16,22], while the peaks at 153 and 235 cm-1 are associated to A1 and B2/E symmetry 

modes of the OVC phase [16]. For the region of the sample with the lowest Cu content ([Cu]/[In] 

= 0.48), the spectrum is in agreement with a pure OVC phase [23]. The increased intensity of the 

peak at 235 cm-1 is related to the existence of a quasi-resonant excitation of this vibrational mode 

under the 785 nm excitation wavelength employed, in accordance with previously reported results 

[16]. Increasing the [Cu]/[In] ratio decreases the relative intensity of the OVC peaks, and the main 

A1 symmetry peak of the CuInSe2 phase becomes the dominant one. In addition, a widening of the 

band close to 235 cm-1 is observed in the spectra with [Cu]/[In] ratios between 0.7 and 1.0. This 

widening is attributed to the enhancement of a peak located at 230 cm-1, whose origin will be 

discussed later on. 
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Figure 1. Raman scattering spectra of different regions of the compositionally-graded CISe 

sample with different [Cu]/[In] ratios. 

In order to perform a detailed analysis of the evolution of the Raman spectra with the [Cu]/[In] 

ratio, the experimental spectra were fitted following the methodology proposed in Refs. [24,25] 

for the analysis of multiphase systems. This multiphase analysis methodology is based on the 

fitting of the experimental spectra employing linear combinations of the characteristic spectra of 

each expected component of the system (the reference spectra are normalized to the intensity of 

the highest peak). In the present case, the spectra measured experimentally at the regions of the 

sample with a [Cu]/[In] ratio 0.48 and 1.03 were used as references. The spectrum from the first 

region was attributed to pure OVC phase, as no traces of main CISe peak at 175 cm-1 were 

observed, and the spectrum from the second region was attributed to the pure or stoichiometric 

CISe (St-CISe) phase, as no evidences of secondary phases were found in it. As mentioned above, 

the fitting was made using linear combinations of the spectra of the pure phases (St-CISe and OVC 
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reference spectra) by selecting A and B coefficients until the minimum non-negative value of the 

residual parameter (R([Cu]/[In])) was reached, using the following equations: 

ICISe([Cu]/[In]) = A×ICISe + B×IOVC  (1) 

R([Cu]/[In]) = I(x) – ICISe([Cu]/[In])  (2) 

Here the ICISe, IOVC and I(x) correspond to the spectral intensities of the St-CISe, OVC reference 

spectra and spectral intensity of the experimentally measured spectrum of the specific region with 

x equal to the [Cu]/[In] ratio, respectively. The A and B are fitting coefficients related to the bound 

weight (between 0 and 1) of the St-CISe and OVC reference spectra, respectively. 

 

Figure 2. Examples of experimental Raman spectra fitting employing linear combinations of the 

characteristic spectra of the St-CISe and OVC phases. The Residual (blue curve) is the 

difference between experimental (black dots) and overall calculated (red curve) spectra. 

Examples of the fitting results of the spectra from the slightly Cu-poor ([Cu]/[In] = 0.95) and Cu-

poor ([Cu]/[In] = 0.80) regions of the compositionally graded sample are presented in the Figure 

2. For most of the spectra measured in the regions with different [Cu]/[In] ratios the fitting shows 

good agreement between the measured and calculated spectra. However, for the regions with poor 

and slightly poor Cu content, a clear difference between the measured and calculated spectra is 

observed in the range close to 230 cm-1. This discrepancy suggests the presence of an additional 

contribution to the Raman signal besides the reference OVC and St-CISe phases characterized by 

an unidentified peak at 230 cm-1. The modelling of this peak allows to obtain a good fitting with a 
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Lorentzian curve with a full width at half maximum (FWHM) of about 8 cm-1, which is comparable 

with the FWHM of the A1 symmetry peak of the CISe phase (~7 cm-1). Taking this into account, 

this additional peak was added to the Eq. (1), leading to a following expression: 

ICISe([Cu]/[In]) = A×ICISe + B×IOVC + C×I230  (3) 

In the Eq. (3), the newly added coefficient C is related to bound weight of the peak at 230 cm-1 

and the I230 is the spectral dependence of this peak extracted from the residual spectra obtained as 

results of application of Eq. (1). 

 

Figure 3. A (top), B (bottom) and C (center) Raman fitting parameters (corresponding to the 

relative contribution of the St-CISe phase, the OVC phase and the 230 cm-1 peak in the Raman 

spectra (see Eq. (3)) versus the [Cu]/[In] content ratio. The dashed lines in all graphs are added 

as eye-guides for the reader and the regions with different colors correspond to different 

dominated phases. The errors in composition measurements due to the intrinsic inhomogeneities 

of the compositionally-graded CISe sample do not exceed the size of the data points. 

Appling Eq. (3) to the complete [Cu]/[In] ratio compositional range and normalizing the 

contribution coefficients A+B+C to 1, the evolution of the St-CISe, OVC and 230 cm-1 spectral 
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contributions can be extracted (see Figure S2 for the fitting routine of the Raman spectra). Figure 

3 shows the relative contribution of these three components in function of the [Cu]/[In] ratio from 

which three main compositional regions can be observed and specified: 

 [Cu]/[In] ≥ 1.00 (grey region): the St-CISe Raman contribution is the dominant one in the 

spectra and there is no contribution from the OVC phase; 

 0.75 ≤ [Cu]/[In] ≤ 1.00 (blue region): the St-CISe Raman contribution is still the dominant 

one in the spectra, but its relative intensity decreases gradually as [Cu]/[In] decreases. This is 

also accompanied by the appearance of the OVC contribution that increases gradually as the 

Cu content falls. Moreover, the peak at 230 cm-1 shows its maximum intensity in the 0.9 ≤ 

[Cu]/[In] ≤ 1.0 compositional region and has a strong decrease both for higher and lower 

[Cu]/[In] ratios; 

 [Cu]/[In] ≤ 0.75 (red region): the OVC contribution becomes the dominant one in the Raman 

spectra and both the St-CISe and 230 cm-1 contributions decrease as the [Cu]/[In] content ratio 

decreases. 

It is worth mentioning that the Raman signal is proportional to the concentration of the phase at 

sample surface. However, in order to carry out a quantitative analysis, a calibration of the phase 

content with the Raman signal should be first performed, which is outside of the scope of the 

present study. Nevertheless, the evolution of the phase content shown in this work is independent 

of such calibration. Additionally, the Raman spectra of the compositionally-graded CISe sample 

were measured under 632.2 and 532 nm excitation wavelengths. Examples of fitting by linear 

combination of reference spectra (Figure S3 and S4) and detailed results description are presented 

in the Supporting Information. 

From the dependencies presented in Figure 3, it can be observed that the decrease of the St-CISe 

contribution with the decreasing Cu content has two sharp slopes: the first one is related to the fast 

increase of the 230 cm-1 peak contribution (in the range 0.95 ≤ [Cu]/[In] ≤ 1.00) and the second 

one is related to the fast increase of the OVC phase contribution ([Cu]/[In] ≤ 0.7). These results 

suggest two different mechanisms of Cu-deficit accommodation in the crystalline lattice of the 

CISe compound: the first one dominates in a very Cu-poor content ([Cu]/[In] ≤ 0.7) and is related 

to formation of the OVC phase, and the second dominates in the slightly Cu-poor range (0.75 ≤ 

[Cu]/[In] ≤ 1.00) and is related to the newly found contribution at 230 cm-1. It is interesting to 

remark that the latter range includes the compositional region typically employed for the 
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fabrication of high efficiency CuInSe2 and Cu(In,Ga)Se2 solar cells [3,21,26,27]. Moreover, it is 

necessary to specify that the compositional limits of appearance and/or domination of specific 

phases indicated in the present study might be slightly varying depending on the absorber 

deposition technology, formation path, post-deposition treatment and other technological 

processes that may have a significant effect on defect formation. 

Regarding the origin of the observed enhancement of the intensity of the peak at 230 cm-1, it does 

not agree with a possible appearance of vibrational modes related to elemental Se, CuxSe or InxSe 

secondary phases since the compounds from these systems have their main Raman peaks quite far 

from the 230 cm-1 spectral region (see e.g. [28-30] for the CuxSe phases, [31-35] for InxSe and [36] 

for elemental Se). In addition, the FWHM of the peak is comparable to that of the other peaks 

present in the spectra, which allows excluding the possibility of the 230 cm-1 peak being related to 

a low crystalline quality or amorphous phase. Thus, it seems highly unlikely that the increased 

intensity observed for the 230 cm-1 peak is related to the presence of any additional secondary 

phase. In view of these observations, we believe that the 230 cm-1 peak should be interpreted as 

related to the activation or enhancement of a chalcopyrite CISe vibrational mode as a consequence 

of the Cu-poor structural defects that appear in the compositional region [Cu]/[In] ≤ 1.00. This 

could be related either to the activation of the E/B1/2 symmetry modes out of the Γ-point (center of 

Brillouin zone) [37] or to the enhancement of one of the E/B2 symmetry modes at the Γ-point 

which have been experimentally found to be close to the 230 cm-1 position [22,38]. According to 

the calculated phonon density of states [37], the peaks above 210 cm-1 are mainly related to mutual 

vibrations of In-Se chain, which allows to assign the peak at 230 cm-1 also to this type of vibrations. 

The appearance of a new peak (or enhancement of an existing one) suggests that a CISe defective 

phase, which is slightly different from the St-CISe chalcopyrite phase formed under the 

stoichiometric conditions, is formed in the Cu-poor compositional region. It is important to notice 

that the proposed CISe defective phase is characterized by the presence of the same peaks than the 

St-CISe phase, but with a higher intensity of the peak at 230 cm-1 as the only difference. This 

similarity makes complicated to detect the coexistence of the defective and stoichiometric CISe 

phases in the Cu-poor compositional range by Raman spectroscopy. On the other hand, the 

decrease of the 230 cm-1 contribution for [Cu]/[In] ≤ 0.75 might be related to a significant 

contribution of the peaks of the OVC phase rather than to the retrieval of the CISe stoichiometric 

structure. This was further investigated by means of XRD analysis. 
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In previous works, the accommodation of defects related to the Cu deficit in the Cu-In-Se system 

was correlated with the formation of the OVC phase observed by Raman and XRD studies [15,23]. 

However, slightly Cu-poor samples are barely studied and the influence and effect of Cu deficit 

on defect formation is discussed only in a limited amount of samples from this compositional range 

or in a limited compositional range [39,40]. In order to shed light on this topic and complement 

the Raman spectroscopy analysis presented above, high resolution XRD measurements were 

performed in regions of the compositionally graded CISe sample with [Cu]/[In] ratios ranging 

from 1.03 to 0.51 as described in the Experimental details section. The diffractograms obtained 

are presented in Figure 4 for relevant angular ranges while examples of full diffractograms are 

presented in Figure S5. The analysis of the XRD data shows the existence of the CISe compound 

with a tetragonal chalcopyrite type structure (space group 𝐼4̅2𝑑) in all the analyzed regions. In 

regions with 0.94 ≤ [Cu]/[In] ≤ 1.03, this 𝐼4̅2𝑑 chalcopyrite is the only phase observed. Below 

[Cu]/[In] = 0.76, a mixture of the chalcopyrite phase with a CuIn3Se5 OVC phase that presents a 

tetragonal stannite type structure (space group 𝐼4̅2𝑚) can be observed. Although the diffraction 

patterns of the CISe chalcopyrite type phase and the OVC stannite type phase are very similar 

(most of the reflections are nearly at the same positions and show very similar relative intensities) 

the high resolution wide angular range XRD data allows their clear distinction. This is possible 

since the position of the reflections at close diffracting angles slightly changes due to small 

differences in the cell parameters and, mainly, due to the fact that the hhl reflections with (2h + l) 

≠ 4n are forbidden by the d glide plane of the 𝐼4̅2𝑑 structure and allowed in the 𝐼4̅2𝑚 structure 

(in practice, the main additional reflections observed in this 𝐼4̅2𝑚 OVC phase are the 002, 110, 

114, 222 and 118 at 2θ values close to 15.4º, 21.8º, 38.2º, 47.3º and 69.1º, respectively). 

Furthermore, all the XRD diffractograms show the presence of the Mo back contact and of a highly 

oriented MoSe2 phase. 
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Figure 4. XRD diffractograms of the CISe samples with different [Cu]/[In] content ratios. 

In order to characterize the structure and microstructure of the phases observed by XRD, and to 

check the validity of the conclusions extracted from the Raman-based phase analysis involving the 

potential presence of a defective CISe phase in the Cu-poor compositional regime, a full profile 

analysis of the CISe chalcopyrite phase and the OVC stannite phase was performed by Rietveld 

refinement [41]. The Mo and MoSe2 Bragg reflections were fitted independently and were not 

constrained to their structures. The starting structural models for the CISe and OVC phases are 

taken respectively from Refs. [42] and [43]. In the case of the CISe chalcopyrite structure, atomic 

substitutions of Cu by In in the 4b (0,0,1/2) Wyckoff position was enabled by refining their 

corresponding occupation factors. In the case of the OVC CuIn3Se5 stannite structure, the atomic 

coordinates, the occupation factors, and the temperature factors were fixed to their starting values, 

so only the scale factor, the cell parameters, and the microstructural parameters were refined. 

Excellent refinements were obtained for all measurements and detailed information of the analysis 

can be found in the supplementary information: Table S1 reports the agreement factors, cell 

parameters, estimated crystallite size and microstrain, and the semi-quantitative content of the 

CISe and OVC phases; Table S2 shows the site occupation factors in the chalcopyrite phase; and 

Figure S6 depicts the Rietveld plots of representative measurements in samples with [Cu]/[In] 
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ratios 1.02, 0.94 and 0.51. The main findings from the Rietveld refinement analysis (also shown 

in Figure 5) can be summarized as follows: 

 There are no reflections broadening of the chalcopyrite CISe phase for [Cu]/[In] ratios from 

1.03 to 1.01. The c cell parameter and, thus, the cell volume slightly decrease with the 

decreasing Cu content (Figure 5a). Both Cu and In cations are in their original Wyckoff 

positions (Table S2). 

 For [Cu]/[In] ratios of 1.00 and 0.94, similarly to the range above, a good refinement is 

obtained with chalcopyrite CISe as the only phase. However, clear reflections broadening is 

observed which becomes more evident as the Cu content decreases. This is related to the 

decrease of average estimated crystallite size (from 860 to 370 nm (Figure 5b)) and to the 

detected microstrain (Table S1). The cell parameters clearly decrease with the decreasing Cu 

content: from a cell volume of 389 Å3 for [Cu]/[In] > 1, to a cell volume of 388.8 Å3 and 388.4 

Å3 for [Cu]/[In] = 1.00 and [Cu]/[In] = 0.94, respectively. Furthermore, the calculated site 

occupation factors show the presence of small amounts of In in Cu position and Cu in In 

position. The shrinkage of the cell, the microstructure broadening and cation position 

interchange matches with a defective CISe phase for these stoichiometric and slightly copper 

deficient compositional regions. 

 For the more Cu-deficient measuring areas ([Cu]/[In] ratios from 0.76 to 0.51), the mixture of 

a CISe chalcopyrite 𝐼4̅2𝑑 phase and an OVC stannite 𝐼4̅2𝑚 phase detected by Raman is 

confirmed. The CISe phase also shows cell shrinkage (Figure 5a) and similar microstructure 

reflections broadening as for Cu-richer compositions (Figure 4) that increases with the 

decreasing Cu content. The cell volume ranges from 387.6 to 386.9 Å3 and the estimated 

crystallite size from ~400 to ~200 nm (Figure 5b) with estimated microstrain δd/d values of 

around 0.0003. The site occupation factors indicate the presence of defects related to Cu and 

In cation substitutions, and only a slight decrease of the amount of Cu atoms in In position is 

observed with the decreasing [Cu]/[In] ratio (Table S2). The OVC phase also shows 

reflections broadening that seems approximately constant over the different measured areas 

and that, if caused by microstructure, would have an estimated crystallite size of around 100 

nm and a δd/d microstrain of around 0.0005. The semi-quantification results of the OVC phase 

content in the regions with [Cu]/[In] ratios equal to 0.76, 0.68, 0.61 and 0.51 were found to be 

around 9, 26, 40 and 61 %, respectively. 
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Figure 5. (a) Dependence of the lattice parameters of the chalcopyrite phase on the [Cu]/[In] 

ratio. (b) Evolution of the crystallite size versus the [Cu]/[In] ratio. The dashed lines in both 

graphs are added as eye-guides for the reader and the regions with different colors correspond 

to different dominated phases. 

These XRD data confirm the observations made by Raman analysis with a dominant CISe phase 

at high [Cu]/[In] content ratios and a dominant OVC phase at low [Cu]/[In] content ratios. In 

addition, the analysis of the XRD diffractograms also confirms the existence of a transition region 

that is characterized by a relevant reduction of the chalcopyrite lattice parameters (Figure 5a), 

together with a strong decrease of the estimated crystallite size (Figure 5b), and with change of 

the site occupation factors of both Cu and In cations (Table S2). These features confirm the 

formation of a transition phase at the compositional region [Cu]/[In] ≤ 1.0, which we have named 

“defective chalcopyrite phase” and which is characterized by a high density of structural defects. 

It is worth noticing that the mentioned defective chalcopyrite phase cannot be strictly considered 

as a new phase of the chalcopyrite compounds since it presents just minor differences compared 

to the standard stoichiometric chalcopyrite phase (mainly related to the increased amount of point 
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defects that leads to the observed decrease of lattice parameters and of crystallite size) while 

maintaining the same crystalline structure with the space group I4̅2𝑑 (see Figure 6). In the present 

study, the notation “defective chalcopyrite phase” is used mainly for convenience to refer to the 

changes that occur in St-CISe phase and to show their possible role for high efficiency devices, as 

will be discussed later on. Based on the refinement results of the diffractogram measured from the 

region with [Cu]/[In] = 0.94, a crystalline structure model of the defective chalcopyrite phase is 

proposed and is shown graphically in Figure 6 together with the crystalline structures of the St-

CISe and OVC phases [44]. Here, the main difference of the defective chalcopyrite structure model 

from the stoichiometric St-CISe and from the OVC phases is mainly exhibited by the presence 

and/or type of the point defects at the 4a Wyckoff position: only Cu ions are at this position in St-

CISe; together with Cu ions, both VCu and InCu defects are slightly probable in defective CISe; 

together with Cu ions, only the VCu defect appears at this position in OVC with a quite high 

probability. 

 

Figure 6. Crystalline structure models of stoichiometric (St-CISe) and defective (Defective CISe) 

chalcopyrite phases together with the OVC phase. Drawings produced by VESTA program [44]. 

The formation of a defective phase in Cu-poor conditions strongly supports the assignment of the 

230 cm-1 Raman contribution in this compositional region to a defect-activated chalcopyrite 

vibrational mode. Regarding the possible defects involved in this defective chalcopyrite structure, 

ab-initio calculations show that in Cu-poor In-rich p-type CISe the point defects with the lowest 

formation energy are VCu and InCu, which also participate in the formation of the electrically neutral 
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cluster defect [2VCu
− + InCu

2+] [45]. Similar defects and increase of their concentration with the 

decrease of the Cu content were also found by the neutron diffraction analysis of the CISe 

compound [40]. Our previous considerations about the involvement of In cations vibrations in the 

230 cm-1 Raman peak and the presence of a measurable amount of In atoms at the Cu position 

deduced from XRD analysis are in accordance with the proposed crystalline structure model, 

indicating that this peak is mainly related to the presence of InCu point defects or of [2VCu
− + InCu

2+] 

cluster defects in the crystal lattice. Previously, the influence of the changes in chemical 

composition, or the deviation from stoichiometry, on the relative intensity of Raman peaks was 

observed in cubic Cu2SnS3 [46] and in tetragonal Cu2ZnSnSe4 compounds [47,48]. In the former 

compound, the effect was explained by the changes in the S environment due to alloying with the 

Cu3SnS4 phase. However, changes in defect concentration due to the changes in the cationic ratio 

(discussed in Ref. [46]), can affect in a similar way the S environment. In the case of the kesterite 

type Cu2ZnSnSe4 compound (which can be seen as structurally evolved from the chalcopyrite 

compounds [49]) the change in the concentration of different point and/or cluster defects was 

shown to result in changes in the intensity of the specific Raman peaks that are assigned to 

vibrations of the ions involved in the formation of such defects. For instance, the change in 

intensity of the peaks in the high wavenumber range (above the main Raman peak of Cu2ZnSnSe4) 

was correlated to the change of the concentration of substitutional ZnSn defects [47,48]. These, 

together with the isovalency and similarities in crystal structure of CISe and Cu2ZnSnSe4 

compounds supports the supposition expounded above about the change in intensity of the peak at 

230 cm-1 being related to changes in the concentration of InCu substitutional defects. 

Finally, in order to evaluate the possible impact of these defects on the device performance, a 

detailed Raman scattering analysis of high efficiency Cu(In,Ga)Se2 (CIGSe) solar cells was 

performed (see spectra in the Figure S7). The devices were fabricated following the processes 

described in [21] with slight variations of the [Cu]/([Ga]+[In]) (CGI = 0.89 – 0.92) and 

[Ga]/([In]+[Ga]) (GGI = 0.30 – 0.33) compositional ratios and efficiencies ranging between 18.0 

and 20.8 % (see Table S3 in the Supporting Information for more details). CISe and CIGSe are 

structurally equivalent compounds and present similar vibrational properties which makes the 

transfer of the results obtained in CISe to the CIGSe material plausible. Indeed, the partial 

substitution of In cations by Ga leads to a small decrease of the lattice parameters and, as 

consequence, to the shortening of the bond length and to the energy increase of the optical phonons 
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ultimately shifting the Raman peaks to the higher wavenumbers [50-52]. Thus the contribution of 

the defect induced peak in the CIGSe compound is shifted from 230 cm-1 to the 235 – 245 cm-1 

spectral region. Due to the absence of reference spectra of the chalcopyrite and OVC phases with 

a certain Ga content, the detailed multiphase analysis could not be performed in the CIGSe sample. 

In order to overcome this issue, a simpler methodology was applied. This is based on the 

calculation of the relative integrated intensity of the peaks in the spectral range where the defect 

related peak is expected (235 – 255 cm-1 in the case of CIGSe compound). The intensity of this 

defect induced Raman peak was found to have strong correlation with the CGI ratio and with the 

open circuit voltage (Voc) of the devices. Figure 7 shows the Voc versus the integrated intensity 

ratio of the defect induced Raman peak and the main CIGSe Raman peak. As it can be seen in this 

figure, the Voc increases and tends to saturate in a maximum value around 715 mV when the 

relative contribution of the defect induced Raman peak related to a defective chalcopyrite structure 

increases. This agrees with the behavior previously reported in [16], where we observed the 

existence of an optimum value of the relative intensity of this Raman contribution leading to solar 

cells with highest Voc and device efficiency when analyzing electrodeposited Cu(In,Ga)Se2 solar 

cells (efficiencies in the 13 – 15 % range). In this previous work, though, this peak was tentatively 

attributed to a vibrational mode from the OVC phase. Yet, the detailed structural analysis reported 

in the present work allows us to reassign this peak to the defect induced Raman mode characteristic 

of a defective chalcopyrite CISe phase present in Cu-poor absorber layers. 
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Figure 7. Open circuit voltage of CIGSe based solar cells versus relative contribution of the 

defect induced Raman peak. The color scale represents [Cu]/([Ga]+[In]) (CGI) ratio in each 

cell. 
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It should be noted that in addition to the change of CGI ratio in the analyzed high efficiency solar 

cells, the GGI ratio was also slightly varied (see Table S3), which cannot be completely excluded 

as an additional factor influencing the Voc of the devices. However, a comparison of the Voc with 

the measured GGI ratio do not exhibits any clear correlations between this two parameters, e.g. an 

almost constant Voc is observed for the cells 1 to 7, for which the GGI was changed from the 

minimum to maximum values (Table S3). In this regard, from the results obtained in the present 

study it can be concluded that, even though its nature is still not perfectly clear, the defective 

chalcopyrite phase can play a critical role on device performance as proved by the evident 

correlation of the intensity of the Raman peak related to this phase with the Voc of the devices. 

This correlation suggests that this defective phase has mainly importance at the absorber/buffer 

interface and/or in the space charge region, since mainly the absorber surface is assessed by Raman 

spectroscopy under the used excitation conditions (the 785 nm excitation wavelength is expected 

to penetrate ~100 nm in the absorber layer). It is also worth mentioning that in the compositionally-

graded CISe sample the XRD analyses do not show coexistence of the defective and stoichiometric 

chalcopyrite phases, meaning that the former is distributed throughout the bulk of the sample. 

However, the higher simplicity of the fabrication process of this sample does not lead to any in-

depth elemental gradient contrarily to the case of the CIGSe absorber employed in high efficiency 

devices. The latter might present an associated more complicated in-depth distribution of defects 

and the presence of the defective chalcopyrite phase can vary in the bulk and the interfaces of the 

absorber layer, which can be a challenge for future studies. Nevertheless, the found coexistence of 

the defective chalcopyrite phase with the OVC phase at the absorber surface of high efficiency 

solar cells (see Figure S7), raises in turn questions about the importance of OVC in the device 

performance. Long time disputes about the positive effects of a Cu-depleted surface in 

chalcopyrites resulted in the generally accepted assumption that the superficial OVC phase plays 

a critical role in the device efficiency improvement due to its wider band gap that has a beneficial 

effect on band alignment by effectively suppressing interface recombination [13,45,53,54]. On the 

other hand, further experimental evidences led to the conclusion that only the very top of the 

absorber layer is strongly Cu-depleted [55,56], and that, in general, there are no hard 

crystallographic evidences of the presence of a phase distinct from the OVC phase in absorber 

grade chalcopyrites. More recently, as stated in the Introduction section, an important efficiency 

boost of chalcopyrite photovoltaic devices was achieved by employing heavy alkali post 
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deposition treatments at the absorber surface. Although, the nature of the positive effect of such 

treatments is still not clear, indications of a pronounced Cu-depletion at the CIGSe surface as a 

result of the post deposition treatment were found [3,56], together with a reduction of the OVC 

phase content [57]. This might be indicating that the role of the OVC phase at the absorber surface 

has been overestimated and that, in reality, this phase simply coexists with the more beneficial 

defective chalcopyrite phase found in the present study which is also formed under Cu-poor 

conditions. Despite the mentioned ambiguities in the nature and beneficial role of the different 

phases of Cu-In(Ga)-Se system that may be present at the absorber/buffer interface due to Cu-

depletion, the present work shows a clear correlation of device performance with the intensity of 

the Raman peak related to the defective chalcopyrite phase. As such, we strongly believe that the 

results presented in this work demonstrate that this defective chalcopyrite phase, which had 

remained under the radar until now (at least from the technological point of view), may play a 

fundamental role in the high efficiencies achieved by the CIGSe PV technology, and it further 

development can be related with a more profound understanding of possible role of this novel 

phase to the device performance. In addition, this work confirms the potential of Raman scattering 

spectroscopy as an advanced characterization technique for the assessment of the opto-

electronically relevant modifications at the absorber/buffer interface. This is even more important 

as compositional variations of the absorbers are lately playing a crucial role for the different alkali 

surface treatments in highest efficiency devices. It indicates that, through further research and 

development, Raman spectroscopy can play a pivotal role in process/device development and 

might be employed as a fast and non-destructive methodology for device quality control and 

efficiency prediction within fabrication lines at the very early stages of the production process. 

 

4. Conclusions 

In conclusion, a thorough and detailed structural analysis of a compositionally-graded CuInSe2 

(CISe) chalcopyrite sample synthesized with a wide range chemical compositions (including very 

Cu-poor and slightly Cu-rich compositions) has been performed combining Raman spectroscopy 

and XRD. This analysis has allowed to identify the presence of a compositional region 

(corresponding to [Cu]/[In] content ratios between 0.7 and 1.0) that is characterized by the 

coexistence of a defective CuInSe2 chalcopyrite phase and an OVC phase. This has been possible 
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thanks to a detailed fitting of the Raman spectra using a multiphase analysis methodology that has 

revealed for the first time the presence of a defect-activated chalcopyrite vibrational mode located 

at 230 cm-1 related to the defective CISe phase. This defective chalcopyrite-OVC phase 

coexistence has been corroborated by a detailed high precision XRD study including Rietveld 

refinement analyses. Finally, the combination of Raman spectroscopy with optoelectronic 

characterization has revealed the existence of a possible correlation between the relative 

contribution of the defect-activated peak in the Raman spectra related to the defective chalcopyrite 

phase and the open circuit voltage of high efficiency (> 18 %) CIGSe photovoltaic devices. This 

suggests that this defective phase may play a critical role, rather than other previously discussed 

mechanisms, on device performance, which however should be further investigated. 
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