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This work presents a detailed analysis of the impact of compositionally induced defects on the

vibrational properties of Cu2ZnSnSe4 absorbers for kesterite based solar cells. Systematic changes

in the intensity of the E and B modes located around the 170, 220, and 250 cm�1 frequency

regions, which involve mostly cation vibrations, were observed and analyzed in relation to the

occurrence of different kinds of defect clusters involving VCu, ZnCu, ZnSn, CuZn, and SnZn point

defects. Additional changes are also interpreted in terms of the appearance of SnSe, ZnSe, and

CuSe-like contributions at the 185 and 250 cm�1 spectral regions, respectively. The sensitivity of

the Raman measurements to the presence of these kinds of defects corroborates the potential of

Raman scattering for point defect assessment in these systems. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913262]

Kesterite semiconductors such as Cu2ZnSnSe4 (CZTSe)

are drawing attention because of their ideal optical properties

for photovoltaic applications, especially as light-absorbers

constituted of earth-abundant elements for development of

sustainable thin film photovoltaic technologies. Though rela-

tively high energy conversion efficiencies have already been

reached for these materials,1 still little is known about the na-

ture of defects in these compounds. Kesterites, as quaternary

compounds, provide ample opportunities for material design;

however, this also results in a higher probability for forma-

tion of intrinsic defects. Defect concentration is expected to

influence the optoelectronic properties of these materials,

therefore a better understanding is crucial for improvement

of CZTSe-based solar cells. Because of the limited knowl-

edge about defects, many experimental observations on

behavior of these materials cannot be fully understood. For

example, why the highest efficiency CZTSe solar cells are

produced within a narrow interval of Cu-poor and Zn-rich

compositions,2 or why stoichiometric films have better

p-type conductivity than non-stoichiometric ones.3

Theoretical simulations through first principle calcula-

tions3–5 have given much needed insights on phase stability

and defect formation in these materials, but experimental

confirmation of these results and identification of different

types of defects is still notably lacking. One possible tech-

nique that can help in resolving this issue is Raman spectros-

copy, which is extremely sensitive to structural disorder, in

this case defined as any kind of modification of the crystal-

line structure of the material. This includes point defects,

such as vacancies, interstitials, and anti-sites, and other crys-

talline defects, like dislocations or grain boundaries.

Presence of defects can lead to several types of changes in

the Raman spectra, depending on their type and

concentration.

Effects in the Raman spectra caused by presence of a

high concentration of defects are usually related to changes

in frequency, shape, and intensity of the main Raman active

vibrational modes. For example, in kesterite Cu2ZnSnS4,

asymmetry in the shape of the low frequency region of the

main A modes has been observed, which is attributed to pho-

non confinement effects arising from loss of translational

symmetry in the crystal caused by a high density of defects.6

The extreme of this situation is an amorphous material,

where lack of long-range order leads to a Raman spectrum

that reflects the phonon density of states and wave vector

selection rules no longer apply. In both cases, changes in the

Raman spectra could be explained by activation of non-

center phonons due to relaxation of the quasicrystalline mo-

mentum conversion law, which is caused when translational

symmetry of the crystal lattice is broken.

In contrast, the presence of a small amount of defects

usually does not induce big changes in the Raman spectra.7

Since crystal symmetry is mostly preserved in this case,

Raman selection rules are also preserved, meaning that no

changes in the frequencies of Raman active modes are

expected. For this kind of behavior, three possible changes

can occur in Raman spectra due to defects:

(1) Occurrence of defects in a crystalline material may cause

local vibrational modes, which lead to the presence of

additional, usually rather small features in the Raman

spectra. Impurities could lead to these effects.8

(2) Presence of defects leads to a reduction of phonon life-

time, leading to a symmetric broadening of the Raman

peaks, as phonon lifetime is inversely proportional to the

natural line-width of the Raman peaks.9,10

(3) Changes in the intensity of the Raman peaks can occur

because of changes in the chemical bonds among the

atoms in the material. In some cases, defects could lead

to breakage of certain bonds, while in others they can

induce formation of new ones. This implies changes ina)Email: vizquierdo@irec.cat

0003-6951/2015/106(7)/073903/5/$30.00 VC 2015 AIP Publishing LLC106, 073903-1

APPLIED PHYSICS LETTERS 106, 073903 (2015)

http://dx.doi.org/10.1063/1.4913262
http://dx.doi.org/10.1063/1.4913262
http://dx.doi.org/10.1063/1.4913262
http://dx.doi.org/10.1063/1.4913262
http://dx.doi.org/10.1063/1.4913262
mailto:vizquierdo@irec.cat
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4913262&domain=pdf&date_stamp=2015-02-17


the values of elements of the polarizability tensors

related to vibrational modes involving these bonds,

which in turn leads to changes in intensity of the corre-

sponding peaks.11

In this framework, this work presents a detailed analysis

of the impact of different kinds of compositionally induced

defects in the Raman spectra from device-grade CZTSe

absorbers (maximum efficiency 6.9%). Presence of different

defect types is induced by changes in the processing compo-

sition of the CZTSe film in a sample with about 200 solar

cells, each cell with an incremental change in the absorber

composition. Analysis of the optoelectronic properties of the

solar cells corroborates the strong impact of these defects on

the device performance. The evaluation of vibrational prop-

erties of the absorbers in the cells has led to the observation

of a correlation among the intensity ratio of different Raman

bands and different types of defects. This analysis achieves a

deeper understanding of the nature of the vibrations involved

in the different peaks from CZTSe Raman spectra and pro-

vides experimental procedures for Raman scattering assess-

ment of the presence of different kinds of defects with strong

impact on the optoelectronic properties of these solar cell

absorbers.

For the present study, a CZTSe thin film with a lateral

composition gradient (Cu/(Zn þ Sn) from 0.55 to 1.20 and

Zn/Sn from 0.70 to 1.90) was prepared by selenization of a

Cu-Zn-Sn precursor film deposited by DC-magnetron sput-

tering.12 The film was made into solar cell devices with a

CdS/ZnO/ZnO:Al window layer and then mechanically

scribed to form �200 cells 3 � 3 mm2 in size, isolating each

solar cell and dividing the graded film into small regions of

relatively constant composition with which to correlate ma-

terial and device properties. J-V characterization was made

with an AAA Abet 3000 Solar Simulator, while composi-

tional characterization of film was done by X-ray fluores-

cence spectroscopy (Fischerscope XVD). Raman scattering

measurements were performed with 532.0 nm excitation

using a LabRam HR800-UV and 457.9 nm excitation a with

T64000 Horiba-Jobin Yvon spectrometers.13 All Raman

spectra were acquired after the fabrication of the solar cell

devices from which the CdS/ZnO/ZnO:Al window layer was

removed using a dilute HCl solution.

Figure 1 shows a pseudo-ternary phase diagram of

Cu2Se-ZnSe-SnSe2 showing device efficiency with depend-

ence on composition. Solid lines indicate the most expected

secondary phases (Cu2Se, ZnSe, and SnSe2) and charge com-

pensated point defect clusters: the A-type line corresponds to

[ZnCu þ VCu] defect complexes, the B-type line to [2ZnCu

þZnSn], the C-type line to [2CuZn þ SnZn], and the D-type

line to [CuZn þ Cui].
14 The stoichiometric point is given by

the intersection of these lines. For a composition between

two secondary phase lines, a mixture of CZTSe and these

two secondary phases would be expected, as well as different

point defects and defect clusters. Note that D-type defect

clusters were not investigated in this work due to lack of

cells corresponding to that composition.

A maximum device efficiency of 6.9% is obtained, to-

gether with one of the highest reported open circuit voltage

values (411 mV) for this compound.15,16 The maximum values

of the optoelectronic properties are achieved for a very narrow

interval of compositions around Cu/(Zn þ Sn)� 0.74 and Zn/

Sn� 1.23, which agree with previously reported results.2

More detailed investigation of the optoelectronic properties

with composition is presented elsewhere.12

In order to compare the influence of different defect

clusters on the Raman modes, identification of peak positions

and their symmetry assignment are necessary. Identification

of peak positions of the stoichiometric CZTSe cell (Cu/(Zn

þ Sn)¼ 1.01 and Zn/Sn¼ 1.00) was done by simultaneous

fitting of the Raman spectra with Lorentzian curves. The

position of each Raman peak with the symmetry assignment

is presented in Table I, which also contains theoretical calcu-

lations17 and previously reported experimental data.18 The

symmetry assignment of Raman modes was done by

FIG. 1. Compositional dependence of device efficiency shown in a pseudo-

ternary Cu2Se-ZnSe-SnSe2 phase diagram for CZTSe solar cells; colored

lines indicate expected secondary phases or defect clusters for a given

region.

TABLE I. Frequency (in cm�1) of peaks from simultaneous fitting of

Raman spectra of the stoichiometric CZTSe thin film and proposed mode

symmetry assignment. These are compared with theoretical predictions17

and reported experimental data.18

This work
Theoretical predictions Experimentally reported

RSa (cm�1) Symb RSc (cm�1) RSd (cm�1)

156.9 B 156.7 B(TO)/157.3 B(LO) 157 B(TO/LO)

171.9 A 162.8 A 170 A

174.5 A 166.5 A 174 A

177.4 B 175.3 B(TO)/178.7 B(LO) 178 B(TO/LO)

192.0 E 179.0 E(TO)/180.5 E(LO) 189 E(TO/LO)

196.8 A 186.3 A 196 A

220.6 E 199.8 E(TO) 224 E(TO)

231.9 E 202.8 E(LO) 231E(LO)

234.2 B 204.2 B(TO) 235 B(TO)

239.7 B 205.4 B(LO) 239B(LO)

248.3 B 227.1 B(TO) 245B(TO)

250.8 B 228.8 B(LO) 250 B(LO)

aRS is the Raman shift from this work.
bSym is the symmetry proposed in this work.
cRS is the Raman shift reported in Ref. 17.
dRS is the Raman shift reported in Ref. 18.
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comparing the experimentally obtained frequencies with the

reported references as well as applying the rules13 for

the mode behavior to polarization measurements preformed

on this sample. It can be concluded that peak positions in

Table I are in good agreement with the previous work.

Figures 2(a)–2(c) show the Raman spectra measured on

samples that were selected with compositions following the

lines corresponding to the A-, B-, and C-type of defect clus-

ters. All Raman peaks observed in the spectra shown in these

figures are attributed to the kesterite CZTSe phase, with peak

positions in agreement with Table I. Raman characterization

of these samples shows that formation of surface Sn-Se sec-

ondary phases takes place only in the region corresponding

to Cu/(Zn þ Sn)< 0.80 and Zn/Sn< 0.95 and has not been

observed on the surface of any of the samples presented in

Figure 2. In addition, Cu-Se binary phases have not been

observed on the surface of any of the cells in this work. On

the other hand, formation of ZnSe surface secondary phases

has been observed, mainly in Zn-rich cells, detected with

measurements with 457.9 nm excitation, which correspond

to resonant excitation conditions for this compound.19

Nevertheless, comparison of Raman spectra measured with

532 nm excitation from cells with and without ZnSe second-

ary phases indicates the absence of its Raman contribution in

the 250 cm�1 spectral region. The low sensitivity of the

Raman scattering measurements performed with 532 nm ex-

citation to the presence of ZnSe secondary phases is related

to low optical absorption of green photons in this compound,

in contrast with very high optical absorption of CZTSe. This

is also an indication of the low overall amount of ZnSe

formed on the surface of the samples investigated.

Accordingly, changes in this spectral region of the Raman

spectra measured with 532 nm excitation from samples with

different compositions cannot be attributed to the presence

of ZnSe, in agreement with the previous work showing

Raman analysis before and after ZnSe etching.20

Figure 2(a) presents a comparison of Raman spectra for

samples corresponding to different compositions when mov-

ing along the A-type defect line ([ZnCu þ VCu]) in the direc-

tion away from the stoichiometric point. Frequencies of the

modes are not affected with this kind of compositional

change, which implies that the concentration of defects in

this region is not so high as to cause a notable overall distor-

tion of the crystalline lattice. Additionally, no significant

changes in the main A mode centered at 196 cm�1 are

observed. Since this mode is attributed to only anion vibra-

tions,21 changes in its frequency and peak shape are usually

correlated to the crystal quality of the absorber,6 again con-

firming that no significant degradation of overall crystal

quality of CZTSe is expected for this compositional interval.

However, a systematic decrease in relative intensity of peaks

around the 170 cm�1 spectral region is observed. This region

corresponds to two A symmetry modes and two B symmetry

modes. Since the A modes correspond to only Se vibrations,

no changes in their intensity are expected with changes in

cation composition. On the other side, theoretical simula-

tions21 indicate that B modes in this region correspond

mostly to cation vibrations, in particular, to vibrations of Cu/

Zn and Cu/Sn atomic planes. Considering that along the A-

type defect compositional line, formation of [ZnCu þ VCu]

defect clusters is promoted, it can be concluded that Cu/Zn

and Cu/Sn atomic planes are going to be affected: with an

increase in concentration of [ZnCu þ VCu] defects clusters,

there will be a decrease in the number of Cu/Zn and Cu/Sn

vibration units. This is consistent with a decrease in overall

relative intensity of the B modes, in agreement with the ex-

perimental observations. This is also consistent with the fit-

ting of the spectra that can be done keeping a constant

Lorentzian contribution for the A modes in this spectral

region.

Figure 2(b) shows a comparison of Raman spectra meas-

ured for samples along the B-type defect line ([2ZnCu þ

FIG. 2. Comparison of Raman spectra measured from samples with compositions corresponding to different defect lines: (a) A-type, (b) B-type, and (c) C-

type. All Raman spectra are measured with 532 nm excitation wavelength. The arrows indicate changes in the intensity of the modes with the change in the

composition in the directions shown on the ternary diagram.
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ZnSn]), again moving away from the stoichiometric point. As

in the previous case, the frequency of the main A modes is

not affected by this kind of compositional change. There are,

however, strong changes in the relative intensity of the peaks

around the 170, 215, and 250 cm�1 frequency regions. Two

defect types, ZnCu and ZnSn, are expected in this composi-

tional range. A decrease in Cu content and increase in Zn

content, which promotes ZnCu defect formation, are likely

responsible for the decrease in relative intensity of the B

symmetry modes around 170 cm�1, as explained in the previ-

ous case of A-type defects clusters. Additionally, increase in

Zn content is also accompanied by an increase in the relative

intensity of the spectral contribution at the 250 cm�1 fre-

quency region. This can be explained by taking into account

the increase in density of ZnCu anti-sites, which leads to an

increase in the number of Zn-Se bonds and, consequently, to

an enrichment in the amount of Zn atoms surrounding Se

anions in the lattice. This likely leads to the appearance of a

ZnSe-like contribution that is expected at 250 cm�1.22 An

additional contribution to the intensity increase of this region

can also be related to the increase in density of ZnSn anti-

sites, which leads to transformation of the -Sn-Se-Cu-Se-Sn-

vibrational chains into -ZnSn-Se-Cu-Se-ZnSn-, for which

vibrations are also expected in the 250 cm�1 region,21 exper-

imentally identified as a B mode. According to the theoreti-

cal analysis,21 -Sn-Se-Cu-Se-Sn- vibrations are expected at a

frequency of 211 cm�1. The proximity of this value with that

of the E symmetry CZTSe mode experimentally observed at

220 cm�1 leads to the identification of this mode with the

vibrations of the -Sn-Se-Cu-Se-Sn- chains. The expected

decrease in the relative intensity of this peak with the

increase of ZnSn anti-sites is likely compensated by symmet-

ric broadening of the main A mode at 196 cm�1, due to

reduction in the phonon lifetime occurring at higher defect

densities. This would lead to an overall increase in the rela-

tive intensity of this spectral contribution, in agreement with

experimental observations shown in Figure 2(b).

Figure 2(c) presents the comparison of the Raman spec-

tra measured from samples with compositions corresponding

to the C-type defect line ([2CuZn þ SnZn]) when moving

away from the stoichiometric point. As in the other cases,

the frequency of the main A modes is unaffected by this

compositional change. The most pronounced changes in the

relative intensity of modes are observed in the frequency

regions around 185, 220, and 250 cm�1. As this is a composi-

tional region with a high probability of formation of [2CuZn

þ SnZn] defect clusters, increase in the relative intensity of

the spectral contributions around the 185 and 220 cm�1

regions could be related to the increase in density of SnZn

anti-sites. Increase in the density of SnZn anti-sites would

lead to an exchange of Zn by Sn in the -Cu-Se-Zn-Se-Cu-

vibrational chains, equivalent to the -Zn-Se-Cu-Se-Zn-chains

with vibrations identified as B symmetry mode at 250 cm�1,

thus becoming -Cu-Se-SnZn-Se-Cu-, that are equivalent to

the -Sn-Se-Cu-Se-Sn- chains with vibrations identified as E

mode at the 220 cm�1 frequency region. This would explain

the increase in the contribution at 220 cm�1. In addition, the

changes of the spectra around the 185 cm�1 frequency region

can also be explained by taking into account the expected

increase in the number of Sn-Se bonds, which would lead to

the appearance of a SnSe-like peak reported to be in this

region.23 On the other hand, the decrease expected in the

250 cm�1 region because of the conversion of the B symme-

try mode vibrations to the E symmetry one at 220 cm�1 is

likely compensated by the increase in density of CuZn anti-

sites. This would lead to a corresponding increase of Cu-Se

bonds, with a subsequent enrichment of the amount of Cu

atoms surrounding the Se anions in the lattice. This likely

leads to the appearance of a CuSe-like contribution, as CuSe

has a main vibrational peak at 260 cm�1.24 However, differ-

ences in the local masses around the Se atoms likely lead to

a red shift in the observed frequency of this contribution to

the 250 cm�1 spectral region. Finally, it is interesting to

remark that the absence of changes in the spectral region

around 170 cm�1 in Figure 2(c) agrees with the assignment

of the changes observed in this spectral region in Figures

2(a) and 2(b) to the occurrence of ZnCu and VCu defects,

because the formation of these defects is inhibited for C-type

absorbers.

In conclusion, changes observed in Raman spectra from

samples grown with varied compositions which favor the

formation of different kinds of defects can be explained by

the following impact of VCu, ZnCu, ZnSn, CuZn, and SnZn

point defects:

(1) Presence of VCu and ZnCu point defects induces a

decrease in intensity of the B symmetry modes around

170 cm�1 related to the vibrations in Cu/Zn and Cu/Sn

planes (i.e., a decrease of Cu/Zn and Cu/Sn vibrational

units).

(2) Presence of ZnSn point defects lead to appearance of an

additional ZnSe-like contribution at 250 cm�1 and con-

version from E symmetry modes at the 220 cm�1 spectral

region to B symmetry modes at the 250 cm�1 spectral

region.

(3) Presence of CuZn point defects lead to appearance of an

additional CuSe-like contribution at the 250 cm�1 fre-

quency region.

(4) Presence of SnZn point defects lead to appearance of an

additional SnSe-like contribution around the 185 cm�1

frequency region and to conversion of B symmetry

vibrational modes at the 250 cm�1 spectral region into E

symmetry vibrational modes at the 220 cm�1 frequency

region.

These results confirm the potential of Raman scattering

for advanced characterization of absorbers in kesterite-based

solar cells and corroborate the sensitivity of the Raman spec-

tra from CZTSe device grade layers to the different kinds of

point defects that are relevant for performance of solar cells.

Systematic analysis of different spectral regions related to

vibration of the different cations in the crystal gives a way

for analysis of the processes in terms of point defect forma-

tion, which is especially relevant for further optimization of

these technologies.
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