
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



RSC Advances  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a.
 Catalonia Institute for Energy Research (IREC), Jardins de les Dones de Negre 1, 
08930 Sant Adrià de Besòs (Barcelona), Spain. 

b.
 Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-Württemberg 
(ZSW), Stuttgart, Germany. 

c.
 Centres Científics i Tecnològics CCiTUB, Universitat de Barcelona, C. Lluis Solé i 
Sabarés 1, 08028 Barcelona, Spain. 

d.
 IN2UB, Departament d’Electrònica, Universitat de Barcelona, C. Martí i Franquès 
1, 08028 Barcelona, Spain. 

† Corresponding author. E-mail: mguc@irec.cat  

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Raman scattering quantitative assessment of the anion 
composition ratio in Zn(O,S) layers for Cd-free chalcogenide-based 
solar cells 

 

M. Guc,
a,†

 M. Neuschitzer
a
, D. Hariskos,

b
 A. Bauer,

b
 W. Witte,

b
 W. Hempel,

b
 L. Calvo-Barrio,

c
 P. 

Pistor,
a
 A. Perez-Rodriguez

a,d
 and V. Izquierdo-Roca

a 

This work reports the use of Raman scattering for the chemical characterization of Zn(O,S) layers that are being developed 

as Cd-free alternative for the buffer layer in advanced chalcogenide solar cells. The nanometric thickness of these layers 

requests the use of resonant excitation conditions, which are strongly sensitive to the alloy composition. In this study 

Raman spectra were measured with different excitation wavelengths (325 nm, 532 nm) on a set of reference samples with 

chemical compositions covering the whole range from stoichiometric ZnS to stoichiometric ZnO. The results show the 

existence of a strong linear dependence of the frequency of the ZnO-like peak on the alloy composition, which provides a 

simple methodology for the quantitative assessment of the chemical composition in almost all the composition region. In 

the case of samples with S-rich composition (0.5 ≤ S/(S+O) ≤ 1), the analysis of the relative intensity of the ZnS like peak 

allows for a complementary assessment of the S/(S+O) content ratio. The characterization of layers grown under 

conditions similar to those used for the fabrication of chalcogenide solar cells has allowed demonstrating the viability of 

the proposed methodology for the non-destructive chemical assessment of these advanced buffer layers.

1 Introduction 

Chalcogenide thin film solar cells are receiving a strong interest 

in the last years for the development of cost efficient 

photovoltaic technologies. This includes chalcopyrite 

Cu(In,Ga)(S,Se)2 (CIGS) based technologies, that are already at 

industrial production stage, as well as emerging technologies 

based in kesterite Cu2ZnSn(S,Se)4 (CZTS) compounds formed by 

earth abundant and non-toxic elements. In the first case, CIGS 

devices have already demonstrated record efficiencies that are 

higher than those of best polycrystalline Si wafer-based 

devices, with efficiency values up to 21.7 %.
 1

 On the other 

hand, kesterite based devices are still at a research level, and 

constitute a promising potential alternative to CIGS for mass 

deployment at terawatt level, where scarcity of In and Ga in 

the earth crust might be a problem for CIGS. In all these 

technologies, highest efficiency devices are achieved using a 

nanometric CdS buffer layer to build a CdS/chalcogenide 

heterojunction. However, the band gap of CdS is 2.4 eV. It 

therefore absorbs photons with wavelengths lower than 520 

nm, which constitute approximately 24 % of the entire solar 

spectrum. This parasitic absorption leads to a drop in the 

external quantum efficiency in the blue-UV spectral region, 

which limits the photovoltaic conversion efficiency of the solar 

cells. Replacement of CdS by highly transparent Cd-free 

alternative buffer layers offers the potential to enhance the 

device efficiency and is of interest because of the toxicity of 

Cd, which implies the need for special care of the handling of 

the Cd-containing waste that is generated during the 

deposition process.
 2

 

Among the different alternatives to CdS, Zn(O,S) alloys have 

been reported as one of the most promising candidates, and 

high efficiency devices up to 21 % efficiency have already been 

reported with these layers.
 3-7

 In this case, control of the O/S 

content ratio is very important in order to ensure an optimal 

moderate spike-like conduction band alignment at the 

absorber/buffer heterojunction.
 8

 However, the analysis of the 

anion ratio of these buffer layers by non-destructive 

techniques is still challenging, being the use of techniques as X-

Ray Fluorescence or X-Ray Diffraction compromised by either 

the presence of interactions between the S and Mo signals 

(being the back contact in the cells constituted by a Mo thin 

film) or their very small thickness (typically in the range 20 – 80 

nm). Consequently, chemical analysis of the layers typically 

requires the use of techniques involving sample manipulation 
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under high vacuum conditions as X-Ray photoelectron 

spectroscopy (XPS) or Auger electron spectroscopy (AES). 

In this context, this work proposes a Raman scattering based 

methodology for the analysis of the S/(S+O) relative content of 

the Zn(O,S) buffer layers. Raman scattering is a powerful non- 

destructive tool very sensitive to both the atomic composition 

and the crystal quality of the layers, and has already been 

reported for the quantitative composition analysis of 

chalcogenide semiconductors, including the assessment of the 

S/(S+Se) content ratio in sulfo-selenide alloys from the CIGS, 

CZTS and Zn(S,Se) systems.
 9,10,11

 Raman scattering analysis of 

Zn(O,S) solid solutions has already been reported in.
 12-15

 These 

previous works showed the existence of a 2-mode behavior 

characteristic of the solid solution with the observation of two 

main peaks corresponding to the ZnO-like peak (located at 574 

cm
-1

 in ZnO) and the ZnS-like peak (located at 351 cm
-1

 in ZnS). 

Ref. 15 reported also the existence of a strong bowing of the 

band gap of the Zn(O,S) solid solution. These authors observed 

a significant dependence of the frequency of the main ZnO-like 

Raman peak with the alloy composition. However, this study 

was limited to the composition region corresponding to O-rich 

layers ((S/(O+S) ≤ 0.23). In addition, for the used excitation 

wavelengths (514.5 nm, 488 nm) the penetration depth of 

scattered photons in these samples is typically higher than 1 

micrometer. This compromises the detection of these Raman 

peaks in the spectra measured from buffer layers, which have 

a much lower thickness (in the range between 20 – 40 nm), 

and the spectra are usually dominated by the peaks from the 

underlying chalcogenide absorber layer in the devices. This 

implies the need for the use of resonant excitation conditions 

that allow achieving a strong enhancement of the intensity of 

the main Raman peaks from the investigated nanometric 

layers. 

In this work, Raman scattering measurements have been 

performed with different excitation wavelengths (325 nm, 532 

nm) using a set of reference samples that were grown with 

chemical compositions covering the whole range from 

stoichiometric ZnS to stoichiometric ZnO. UV excitation 

conditions have been selected as they allow achieving a 

resonant Raman scattering excitation of the samples with S-

rich and O-rich compositions. As previously reported, use of a 

325 nm excitation wavelength allows resonant Raman 

scattering analysis of pure ZnO
 16

 and ZnS
 17

 layers, even in the 

case of samples with nanometric dimensions. On the other 

hand, for compositions close to S/(S+O) ≈ 0.5, near resonant 

excitation is achieved using a 532 nm excitation wavelength, 

due to the strong bowing of the bandgap of the Zn(O,S) 

system. The analysis of the experimental spectra shows the 

existence of a clear linear correlation of the frequency of the 

main ZnO-like mode with the S/(S+O) composition ratio, which 

provides with a simple methodology for the quantitative 

assessment of the chemical composition in almost all the 

composition region. In the case of samples with S-rich 

composition (0.5 ≤ S/(S+Se) ≤ 1), the analysis of the relative 

intensity of the ZnS like peak allows for a complementary 

assessment of the S/(S+Se) content ratio. Finally, the viability 

of the resonant Raman scattering measurements for the 

characterization of Zn(O,S) buffer layers has been 

corroborated using thin layers with thicknesses between 40 

nm and 80 nm grown on CIGS and Mo coated substrates. 

2 Experimental Details 

The Zn(O,S) layers were deposited on Mo coated glass 

substrates, which were cleaned only prior to the Mo 

deposition in a Miele glassware-washer for cleanroom 

laboratories. The deposition was performed by rf magnetron 

sputtering from different zinc sulfide targets. For all 

depositions, the sputtering power density was around 1 

W/cm
2
 and the substrate temperature in the range of 150 °C. 

The S/(S+O) ratio in the layer was influenced by addition of 

oxygen into the argon sputtering gas during deposition. The O2 

content in the sputtering gas was successively increased up to 

1.7 vol.%, which resulted in Zn(O,S) layers with different 

compositions down to a S/(S+O) ratio close to pure ZnO. The 

thicknesses of fabricated layers ranged between 100 and 500 

nm. For more details see Table S1 in the supplementary 

information. The influence of deposition parameters 

(substrate temperature and O2 content in sputtering gas) on 

the composition of reactive sputtered Zn(O,S) layers as used in 

this work is reported by Eicke et al. 
18

 
The samples have been characterized by X-Ray Diffraction 
(XRD) and X-Ray Photoelectron Spectroscopy (XPS) techniques, 
in addition to Raman scattering. XRD has been reported as a 
suitable technique for the chemical analysis of the S/(S+O) 
content ratio in Zn(O,S) solid solutions grown on glass and 
sapphire substrates with hexagonal crystal structure. 

19
 In this 

case, the position of the 002 peak shows a linear dependence 
with the S/(S+O) content ratio, in agreement with the Vegard’s 

law. XRD measurements were made in /2 configuration 

using a Bruker D8 diffractometer with copper K radiation. 
Figure S1 from the supplementary information shows the 
diffractograms measured on the different samples. In the 
diffractograms measured from samples close to pure ZnO the 
presence of the 002 and 100 peaks indicate a hexagonal crystal 
structure of the films.

 20
 However, for samples close to pure 

ZnS, these peaks from the hexagonal structure are missing, 
and only one peak is observed which has been assigned to the 
111 peak of the cubic structure. 

21
 As a result, a phase 

transition from hexagonal to cubic is expected within the 
mixing range. In addition, the diffractograms from samples 
with S/(S+O) close to 0.5 show a very broad band with very low 
intensity, in agreement with the worsening of the crystalline 
quality that has also been observed by Raman (as described in 
the next section). This agrees with the behavior reported in 
Ref. 21 for Zn(O,S) layers that were grown on quartz and Mo 
coated glass substrates, where the XRD peaks roughly follow 
Vegard’s law. These features compromise the use of the XRD 
measurements for the analysis of the S/(S+O) content ratio of 
the layers. 
XPS experiments were performed in a PHI 5500 
Multitechnique System (from Physical Electronics) with a 
monochromatic X-ray source (Aluminium Kα line of 1486.6 eV 
energy and 350 W), placed perpendicular to the analyzer axis 
and calibrated using the 3d5/2 line of Ag with a full width at half 
maximum (FWHM) of 0.8 eV. The analyzed area was a circle of 
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Fig. 1: Depth resolved XPS S/(S+O) ratio profile of analyzed 

Zn(O,S) solid solutions measured on the 100 nm surface region 

from the different samples. Numbers on the right correspond 

to the average composition measured at this surface region. 

 

0.8 mm diameter, and the selected resolution for survey 

spectra was 187.5 eV of pass energy and 0.8 eV/step, while for 

the spectra of the different elements was 23.5 eV of pass 

energy and 0.1 eV/step. All measurements were made in an 

ultra-high vacuum (UHV) chamber pressure at about 5 × 10
-9

 

torr, and the first 100 nm surface region of the samples was 

sputtered with an Ar
+
 beam (4 keV source energy) with a 20 

nm/min sputter rate. In order to correct the binding energy 

axis for all the samples the single peak that appears in the 

Cu2p3/2 region has been fixed at 932.0 eV. This has been 

proved to do the same results that placing the contribution of 

the adventitious carbon from the C1s peak present in the 

surface measurements at 284.8 eV. The raw XPS spectra 

measured on a representative sample are plotted in figure S2 

from the supplementary information. Figure 1 shows the 

depth resolved S/(S+O) ratio profiles measured in the 100 nm 

thick surface region from the different samples. As can be seen 

only in case of the sample close to S/(S+O) ≈ 0.5 it was found 

some deviation through the thickness. This suggests the 

existence of an inhomogeneous sputtering growth of the 

samples with compositions close to this point. For all the other 

samples, the performed measurements show a constant depth 

resolved composition. 

The Raman spectra were excited with a He-Cd laser (325 nm 

wavelength line) and a frequency doubled YAG:Nd solid-state 

laser (532 nm) and recorded using a iHR320 Horiba Jobin Yvon 

spectrometer in conjunction with a CCD detector. The 

measurements were performed in backscattering 

configuration through an Olympus objective. Excitation power 

density on the sample surface was ~ 0.1 kW/cm
2
 for UV and ~ 

1.5 kW/cm
2
 for green lasers, which allowed avoiding the 

presence of thermal effects in the spectra (this implied the 

need to perform a previous analysis of spectra measured with 

different excitation powers on the different samples and for 

the different excitation wavelengths). Penetration depth in the 

Zn(O,S) samples depends on their composition, and ranges 

between < 100 nm for the UV excitation line and about 1 µm 

for the 532 nm excitation wavelength for the samples with 

composition close to the ZnS and ZnO parent semiconductors. 

The applicability of the proposed method to assess the anion 

ratio in Zn(O,S) solid solutions has also been checked using thin 

films that were grown by chemical bath deposition (CBD) using 

the same process conditions than those reported for the 

growth of the buffer layers in advanced chalcogenide cells,
 

using a bath mixture of ZnSO4, NH4OH and thioacetamide in 

the presence of a chelating agent at 80
o
C. 

22
 The variation of 

the S/(S+O) ratio in the CBD Zn(O,S) layers was performed by 

varying the pH value between 10 – 12 as well as the ratio of 

chelating ligand to ammonia concentration. After CBD, the 

Zn(O,S) layers were not annealed. The films were grown with 

thicknesses between 40 nm and 80 nm either on Mo coated 

soda lime glass (SLG) and on CIGS absorber layers. 

3 Raman spectra from Zn(O,S) samples 

The room temperature stable structures of ZnO and ZnS 

compounds are the wurtzite (WZ) and zinc-blended (ZB) 

structures, respectively.
 23-25

 However, at higher temperatures 

both of these compounds have also the cross polymorphs, ZnO 

in ZB structure and ZnS in WZ structure. WZ structure can be 

characterized by four atoms in the elemental cell from an 

hexagonal Bravais lattice with space group P63mc,
 23

 while the 

ZB structure has only two atoms in the elemental cell with a 

cubic Bravais lattice and space group mF 34 .
 24,25

 According to 

group theory analysis, 211 2EEA   modes are Raman active 

for WZ and only T2 mode is Raman active for ZB. From these 

modes, only the E2 one is not polar, while A1, E1 and T2 modes 

exhibit the TO/LO splitting.
 24,25

 

This work is centered in the analysis of the main ZnO-like and 

ZnS-like Raman peaks in the spectra. In the case of ZnS, the 

main Raman peak is located at 351 cm
-1

, independently of the 

crystalline structure.
 24,25

 In the case of the WZ structure this 

peak is assigned to a sum of A1(LO) and E1(LO) vibrational 

modes, while in case of the ZB structure it is assigned to the 

T2(LO) mode. In the case of WZ ZnO, the main peak at 574 cm
-1

 

is assigned to the A1(LO) mode. Thus for convenience we 

simplified the notation of the ZnS-like and ZnO-like peaks in 

the Zn(O,S) compound with LOZnS and LOZnO, respectively. 

Figure 2 shows the Raman spectra measured from the 

different samples using the UV excitation wavelength (the 

spectra measured with 532 nm excitation wavelength show a 

similar behavior and are plotted in Figure S3 from the 

supplementary information). The spectra measured from the 

Zn(O,S) samples show the double mode behavior of the LO 

mode, being these peaks the dominant ones in all the spectra. 

From these spectra it is clear that the ZnS-like LO peak 

maintains its position at around 350 cm
-1

 for the whole set of 

samples, while the ZnO-like LO peak shows a significant shift 

(of up to more than 150 cm
-1

) towards lower frequencies when 

the S content in the layers increases. This can be explained by 

the significant difference in the S and O molar masses. Thus 

the vibrations of the lighter O atoms are more sensitive to the 
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Fig. 2: Raman spectra of Zn(O,S) solid solutions excited by 325 

nm laser line, normalized to the intensity of the most intense 

peak (LOZnO for samples with S/(S+O) < 0.5, LOZnS for samples 

with S/(S+O) > 0.5). The spectra of ZnO and ZnS thin films are 

added for reference. Numbers on the right correspond to the 

average composition measured at the 100 nm surface region 

from the different samples. 

 

 
Fig. 3: Sum of relative intensity of second order (SO) Raman 

peaks in relation to the corresponding first order ones 

measured with 325 nm excitation wavelength (dots) and band 

gap bowing (solid line) in Zn(O,S) alloys versus S/(S+O) 

composition ratio measured by XPS. CR and OR ranges are 

close to and out of resonant conditions, respectively. 

 

presence of S atoms in the lattice, while the vibrations of the 

heavier S atoms are almost not affected by the presence of the 

lighter O atoms in the lattice. 

The spectra are also characterized by the second order peaks 

corresponding to both LOZnO and LOZnS modes (labelled as 

SOZnO and SOZnS in the figure). The intensity of these peaks is 

higher for the samples with compositions close to the parent 

ZnS and ZnO compounds, and decreases as the S/(S+O) 

content ratio tends to S/(S+O) ≈ 0.5. This behavior agrees with 

the bowing of the band gap of the alloy,
 15

 which determines a 

decrease of the resonant excitation conditions achieved with 

the UV excitation wavelength when the composition of the 

alloy goes away from the S- and O-rich composition regions. 

This behavior is clearly shown in Figure 3, where the sum of 

relative intensities of the SOZnO and SOZnS peaks in relation to 

the corresponding first order ones is plot together the band 

gap bowing (according to the equation proposed in Ref. 15) 

versus the S/(S+O) content ratio measured in the surface 

region of the samples. The correlation between the 

experimental points and the bandgap bowing corroborates the 

gradual loss of resonance excitation conditions when using the 

325 nm excitation wavelength as the composition of the 

samples tends to S/(S+O) ≈ 0.5. This is also accompanied by a 

significant increase of the full width at the half maximum 

(FWHM) of both LO peaks. This is likely related to the influence 

of structural disorder yielding to a worsening of the crystalline 

quality of the layers that is induced by the partial substitution 

of S by O atoms in the ZnS lattice. 

Additionally to the intense LO modes the Raman spectra show 

a clear band at the 160 – 230 cm
-1

 spectral region, which 

relative intensity is maximal in the case of the sample with 

composition close to S/(S+O) = 0.5. This band is likely related 

to overtones of transversal acoustic modes out of the Γ point 

of the Brillouin zone and/or activation of some others non-

center Raman inactive modes.
 26

 This agrees with the 

worsening of the crystalline quality observed by the increase 

of the FWHM of the main Raman peaks as the S/(S+O) ratio 

tends to 0.5. 

4 Correlation with S/(S+O) relative content in the 
alloy 

Figure 4 shows the plot of the frequency of the LOZnO peak 

from the spectra in Figure 2 versus the S/(S+O) content ratio of 

the samples. These data are characterized by the existence of 

a very linear behavior for almost all the range of compositions 

analyzed (from stoichiometric ZnO up to S-rich Zn(O,S) layers 

with S/(S+O) content ratio higher than 0.9). 

The solid line in the figure corresponds to the fitting of these 

data with the linear equation: 

.8.1700.574][ 1












OS

S
cm   (1) 

Here the values of S and O content are in at. %. The strong 

linearity of the experimental data is reflected in the very high 

value achieved for the R2 fitting factor, R2 = 0.99996. This 

gives a strong validity for the simple empirical equation that is 

proposed for the quantitative estimation of the S/(S+O) 

content ratio in the analyzed layers. As shown in Figures 2 and 

4, even in the case of samples with composition S/(S+O) = 

0.91, the resonance achieved with the UV excitation 

wavelength allows detection of the ZnO-like peak with enough 

sensitivity to be used for the composition assessment. 

For samples with compositions corresponding to S/(S+O) > 0.5, 

a complementary assessment of the sample composition can 

be achieved from the analysis of the relative integral intensity 

of the LOZnS peak in relation to the sum of intensities of the 

LOZnS and LOZnO peaks. Figure 5 shows the plot of these data 

versus the S/(S+O) content ratio from the analysis of the 
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Fig. 4: Frequency of ZnO-like LO peak measured with 325 nm 

excitation wavelength versus S/(S+O) ratio measured by XPS in 

the surface region from the Zn(O,S) solid solutions. The solid 

line represents the linear fit to the experimental data. 

 

 
Fig. 5: Relative integral intensity of LOZnS peak in relation to the 

sum of intensities of the LOZnS and LOZnO peaks measured with 

532 nm excitation wavelength, versus S/(S+O) content ratio 

measured by XPS in the surface region of the samples, for 

samples with S/(S+O) > 0.5. The solid line is the linear fitting of 

the experimental points. 

 

Raman spectra measured with 532 nm excitation wavelengths 

that are plotted in Figure S3 in the supplementary information. 

In this analysis the spectral region defined for the calculation 

of the integral intensity of the LOZnS peak has been fixed at 315 

– 380 cm
-1

, while for the LOZnO peak a spectral range was used 

equal to the FWHM of the peak and centered on the peak 

maximum. The later allowed to minimize the influence of the 

strong LOZnO peak shift and broadening from sample to 

sample. As shown in Figure 5, the relative intensity data 

measured with 532 nm excitation wavelength show a clear 

linear behavior with the relative S/(S+O) content ratio. The 

solid green line in the figure shows the linear fitting of these 

data according to the simple equation: 

,15.115.0 











 OS

S

AA

A

ZnOZnS

ZnS  (2) 

with fitting factor R2 = 0.997. This contrast with data 
measured under UV excitation (not shown here), where the 
data cannot be fitted with a simple linear behavior. These 
differences could be related to the strong dependence of the 
intensity of the peaks from the spectra measured with 
different excitation wavelengths on the existence of resonant 
excitation conditions. As has been already indicated, the 
Zn(O,S) system is characterized by the existence of a strong 
bowing of the bandgap and this determines a decrease of the 
band gap down to a value of 2.5 eV for an alloy composition of 
S/(S+O) = 0.5.

 15
 This means that the two used laser lines have 

a different behavior in the S/(S+O) composition region from 
0.5 to 1.0: For the 532 nm excitation wavelength, resonant 
excitation conditions are nearly achieved for compositions 
close to S/(S+O) = 0.5 and these conditions are gradually lost 
as the S content increases. In contrast to this, under UV 
excitation the spectra measured form samples with 
compositions close to S/(S+O) = 0.5 are out of resonance, and 
they become resonant as the S content increases. For the 
samples with S/(S+O) content ratio lower than S/(S+O) = 0.5, 
the strong decrease observed in the intensity of the ZnS-like 
peak (with values lower than the noise level in the spectra 
from samples with S/(S+O) < 0.28) does not allow for the 
analysis of these data. 

5 Application to Zn(O,S) nanometric buffer layers 

Figure 6 shows the Raman spectra measured with the 325 nm 

excitation wavelength on the Zn(O,S) layers that were grown 

on Mo-coated SLG substrates and CIGS absorber layers with 

thicknesses between 40 and 80 nm. As already indicated, 

these correspond to the conditions used for the fabrication of 

 

 
Fig. 6: Raman spectra (normalized to the intensity of the main 

peak) excited by 325 nm laser line in Zn(O,S) thin films made 

by CBD on different substrates. The numbers indicate the 

frequency of the ZnO-like LO peak position and the 

corresponding values of the S/(S+O) ratio estimated according 

to the linear equation given in the previous section. The 

bottom spectrum (dark yellow line) was fitted (red curve) with 

Lorentzian curves (green lines). 
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high efficiency CIGS solar cells.
 22

 The Raman spectra show the 

shape characteristic of that corresponding to S-rich Zn(O,S) 

alloys, with the presence of a dominant LOZnS peak. 

Measurements performed with the 532 nm excitation 

wavelength have not allowed to detect the peaks 

characteristic of the Zn(O,S) alloy, in agreement with the lack 

of resonance expected for samples with S-rich composition at 

this excitation wavelength. 

In these spectra, the S/(S+O) content ratio has been estimated 

from the frequency of the LOZnO peak, according to the linear 

relationship that was given in the previous section. This gives 

values of the S/(S+O) content ratio between 0.78 and 0.91 for 

the different layers. For the thinnest layer (with a thickness of 

40 nm), the spectrum also shows the Raman peak from the 

underlying CIGS absorber layer. Due to the low intensity of the 

Zn(O,S) Raman peaks, a fitting of the Raman spectra was 

required here for the determination of the frequency of the 

LOZnO peak. The fit has been performed using Lorentzian 

curves for the different modes. The uncertainty in the 

determination of the frequency of the LOZnO peak is of the 

order of 5 cm
-1

, which determines an uncertainty in the 

determination of the S/(S+O) content ratio of ± 0.04. These 

data corroborate the viability of the proposed methodology 

for the non-destructive composition assessment of Zn(O,S) 

buffer layers used in these PV technologies, in spite of their 

nanometric thickness. 

Conclusions 

Raman scattering measurements performed under resonant 

excitation conditions have been demonstrated for the non-

destructive assessment of the composition of Zn(O,S) 

nanometric buffer layers that are being developed for 

advanced Cd-free chalcogenide solar cells. Calibration of the 

dependence of the frequency of the LOZnO peak and of the 

relative integral intensity of the LOZnS peak with the alloy 

composition gives simple linear relationships that can be used 

for the whole range of alloy compositions, from stoichiometric 

ZnO up to stoichiometric ZnS. The detailed analysis of these 

spectra corroborates the existence of a strong dependence of 

the resonance excitation conditions on the alloy composition, 

that is related to the strong bowing of the band gap of the 

Zn(O,S) system. The analysis also shows existence of a 

significant worsening in the crystalline quality of the layers 

grown with compositions close to S/(S+O) = 0.5, which is likely 

due to chemical disorder effects related to the presence of a 

random distribution of S and O atoms in the Zn(O,S) lattice of 

the solid solution. 
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