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Using spectroscopic ellipsometry we investigated and analyzed the pseudo-optical constants of

Cu2ZnSnSe4 bulk crystals, grown by the Bridgman method, over 0.8–4.5 eV photon energy range.

The structures found in the spectra of the complex pseudodielectric functions were associated to

E0, E1A, and E1B interband transitions and were analyzed in frame of the Adachi’s model. The

interband transition parameters such as strength, threshold energy, and broadening were evaluated

by using the simulated annealing algorithm. In addition, the pseudo-complex refractive index,

extinction coefficient, absorption coefficient, and normal-incidence reflectivity were derived over

0.8–4.5 eV photon energy range. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892548]

A recent conversion efficiency of nearly 10% has been

produced on kesterites Cu2ZnSnSe4 (CZTSe)-based thin film

solar cells.1,2 In spite of this promising value, there are still

some unsolved problems related to the single phase growth

and its characterization due to the presence of undesired sec-

ondary phases of ternary and/or binary compounds3–6 and

there are only few reports in the literature with experimental

information on the fundamental properties of these materials.

The investigation of the kesterites optical properties and, in

particular, their optical constants, is of great interest for both

fundamental and application reasons. Some optical constants

data from theoretical ab-initio calculations7–10 and from a

few experimental reports on CZTSe polycrystalline thin

films8,9,11 and bulk crystals12 have already been reported.

With the aim of get a better understanding of the optical con-

stants, we have studied the room temperature spectroscopic

ellipsometry (SE) of CZTSe bulk crystals, grown by the

Bridgman method. The optical measurements were carried

out over the photon energy range from 0.8 to 4.5 eV. The

determined pseudo-optical constants of the CZTSe quater-

nary compounds have been modelled using the Adachi’s

model dielectric function for the electronic interband transi-

tions in the neighbourhood of the critical points (CPs) of the

joint density of state function.

CZTSe crystals were grown by the modified Bridgman

method. The ingot was prepared by direct reaction of a stoi-

chiometry mixture of Cu, Zn, Sn, Se (all of a minimum pu-

rity of 99.999%) in vertical furnace with temperature

gradient �10 �C along furnace axe at ampoules zone. A

�20 g mixture was placed in an 18 mm diameter quartz

ampoule covered inside with graphite. Ampoule was sealed

under vacuum. The mixture was quickly heated up to 600 �C
and kept at 600 �C during 48 h. In next step, mixture was

heated at a rate of 50 �C/h to 950 �C, kept at this temperature

during 10 h. For the crystallization process temperature was

lowered from 950 �C to 600 �C with a rate of 10 �C/h and

annealed at this temperature during 2–3 weeks. Next cooling

from 600 �C to room temperature was made in switched off

furnace mode. Three samples were selected and their compo-

sition examined by Energy Dispersive X-ray microanalysis

(EDX) measurements (Oxford instruments, model INCA x-

sight) inside a Hitachi S-3000N scanning electron micro-

scope. EDX measurements were carried out at 25 kV operat-

ing voltage and the Cu K, Zn K, Sn L, and Se K lines were

used for quantification. The determined composition is given

in Table I. The Cu/ZnþSn ratio varies from 0.8 to 1.2 and

the Zn/Sn ratio lies in the range of 0.9–1.1 in the grown sam-

ples. The structural analysis was performed by powder X-ray

diffraction (XRD) at room temperature. The data were col-

lected using a PANalytical X’pertPro MPD diffractometer

equipped with CuKa radiation (k¼ 1.54056 Å) in a focusing

Bragg-Brentano geometry. Even though the samples are out

of stoichiometry, the XRD data (Fig. 1) of the CZTSe crys-

tals confirm a good crystallinity quality and show that the

TABLE I. Compositional data (EDX).

Cu2ZnSnSe4

Cu

(at. %)

Zn

(at. %)

Sn

(at. %)

Se

(at. %) Sn/Zn Cu/(SnþZn)

S1 27.10 10.98 13.41 48.51 1.22 1.11

S2 28.23 12.76 12.52 46.49 0.98 1.12

S3 24.32 15.37 12.53 47.78 0.82 0.87
a)Author to whom correspondence should be addressed. Electronic mail:

maximo.leon@uam.es

0003-6951/2014/105(6)/061909/4/$30.00 VC 2014 AIP Publishing LLC105, 061909-1
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samples adopt a tetragonal structure (stannite or kesterite)

with no preferential orientation of the polycrystalline grains.

Lattice constants were obtained from the Rietveld refinement

of the diffraction data using the FullProf suite software.13

In order to discard the presence of bynaries or another

secondary phases Raman spectra were measured. Raman

spectra were carried out using a LabRam HR800-UV Horiba

Jobin Yvon spectrometer with a laser excitation source

YAG:Nd solid state laser (line 532 nm). Spectra were

obtained in backscattering configuration at room tempera-

ture; excitation and light collection were done through an

Olympus metallographic microscope, with a laser spot on

the sample surface of �1 lm and laser power �1 mW. Fig. 2

shows a typical Raman spectrum measured on S3 CZTSe

sample, together with its fitting with lorentzian curves. All

the observed peaks can be interpreted and all Raman active

modes can be assigned to those of CZTSe semiconductor14

and no modes related to possible secondary phases were

detected. The low values of the full width on the half maxi-

mum (�5 cm�1 for the most of the peaks) support the high

crystalline quality of the grown samples observed in the

XRD analysis.

SE measurements were performed using a variable angle

spectroscopic ellipsometer (J.A. Woollam VASE) at room

temperature. The ellipsometric parameters were acquired in

the photon energy range from 0.8 to 4.5 eV using a step of

0.03 eV, and at three angles of incidence (65�, 70�, and 75�).
The samples were polished following the procedure pro-

posed by Albornoz et al. in order to minimize the presence

of oxides and roughness effects.15

The real part e1(E) and the imaginary part e2(E) of the

pseudo-dielectric functions of three different CZTSe bulk

crystals, determined from ellipsometry measurements by

using a two-phase model,16 are plotted in Fig. 3(a). Even

though some discrepancy in the absolute values of e(E) func-

tion, its shape is identical and reveals clear E0, E1A, and E1B

structures, indicated in Fig. 3(b). The fundamental absorp-

tion edge E0¼Eg is observed near 1 eV in agreement with

Chen et al.10 calculations, and high energy features E1A

(E1B) are found at about 2.3 (4.0) eV, respectively, in agree-

ment with the previous reports.8,11,12

According to the Adachi’s model for the dielectric func-

tion (MDF), the electronic transitions in the neighborhood of

CP contribute to the features of the complex dielectric func-

tion e(E).17 We employed this approach and modelled the

pseudo-dielectric function of the CZTSe crystals. The exper-

imental pseudo-dielectric function e(E)¼ e1(E)þ e2(E) can

be well fitted by summing up the contributions from E0, E1A,

and E1B CPs, written as

eðEÞ ¼ eð0ÞðEÞ þ eð1ÞðEÞ þ e11; (1)

where the first and second terms are one-electron contribu-

tions at the fundamental gap, E0 and at high energy transi-

tions, E1b (b¼A, B), respectively, and e11 is an additional

constant determined by electronic transitions lying beyond

the experimental range.17 The e(0)(E)-term corresponds to

transitions at the three-dimensional (3D) M0 CP and read as

eð0ÞðEÞ ¼ AE
�3=2
0 v�2

0 ð2� ð1þ v0Þ1=2 � ð1� v0Þ1=2Þ; (2)

with v0¼ (Eþ iC0)/E0, where A and C0 are the strength and

the damping energy of the E0 gap, respectively.

The e(1)(E) accounts for the E1A and E1B higher transi-

tions at 2D-M0 and 2D-M1 CPs, respectively, and is given by

eð1ÞðEÞ ¼ B1A½1� ðE=E1AÞ2 � iðE=E1AÞC1A��1

� B1Bv�2
1B lnð1� v2

1BÞ; (3)

where B1A and C1A are the non-dimensional strength and

damping constants of the E1A transition and v1B¼ (Eþ iC1B)/

E1B, with B1B and C1B are the strength and damping energy of

the E1B transition.

A simulated annealing (SA) algorithm was used to com-

pute the MDF parameters.17–19 The objective function19 was

minimized to obtain the unknown MDF parameters through

the SA algorithm18 is

F ¼
XN

i¼1

���� e1 Eið Þ
e exp t

1 Eið Þ
� 1

����þ
���� e2 Eið Þ
e exp t

2 Eið Þ
� 1

����
 !2

; (4)

where e1
expt(Ei), e1(Ei) e2

expt(Ei), e2(Ei) are the experimental

and calculated values of the real and imaginary parts of the

complex dielectric function at Ei point, respectively, and N

FIG. 1. XRD spectra of CZTSe simple.

FIG. 2. Raman spectra of CZTSe S3 sample (excitation wavelength

532 nm). Green curves show the Lorentzian curves used to fit the experimen-

tal spectrum.
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is the number of the experimental points. As an example of

the result of the fitting procedure, we depict the calculated

e(E) for the S1 sample in Fig. 3(b).

The model parameters A, B1A, B1B, E0, E1A, E1B, U1A,

U1B and e11 of the interband electronic transitions for the

three samples are summarized in Table II. As a consistency

check of the MDF calculation, we computed the relative

errors, De1 and De2, obtaining values smaller than 2.0% for

both real and imaginary parts, respectively (Table II).

According to Table II, the main differences in the deter-

mined MDF parameters can be found for the strength param-

eters (A and B1A), differing less in the values of the

transition energies of E0 and E1A structures, which correlates

well to the above mentioned similarity of the e(E) shape for

the studied samples. We assume that the observed differen-

ces in the strength parameters are rather related to the differ-

ence in the density or size of the grains in the polycrystalline

samples than to the quality of the upper surface sample layer,

as all of the studied samples were treated in similar way

before the ellipsometry measurements. In the case of the E1B

structure, changes in both strength and transition energy pa-

rameters can be observed in Table II; however, its proximity

to the high energy end of the experimental range limits the

accuracy of its analysis.

The MDF parameters can be used to determine the value

of the high-frequency dielectric constant (e1) by using the

formula e1(k ! 1)�A/(4E0
1.5)þB1AþB1Bþ e11.20 The

found value of e1 lies between 8.87 and 8.07 for the studied

CZTSe samples, which is comparable to 8.42 for close

related Cu2ZnGeSe4 semiconductor.21

For the band gap transition (E0 transition) of CZTSe, the

calculation yields values of 0.93–0.95 eV (Table II). Recent

band structure calculations suggest that E0 type transition is

due to a direct electronic transition at the U:(000) point.7,8

From the absorption measurements, band gap values of

1.0–1.02 eV (Refs. 9, 11, and 12) were found. The possible

reasons for the differences between our results and the

reported values might be related to the method of the optical

measurement and data analysis. First, in previous works, the

absorption coefficient was derived only from transmission

measurements and the subsequent analysis of the optical data

was done in a somewhat simplified way, assuming constant

reflectivity. Second, the derived band gap value depends on

the selected linear part in Tauc plots. We cannot compare

our E0 values with earlier ellipsometry studies on CZTSe as

the band gap feature was not analyzed8 or even was not

measured.12

In the higher energy region, we determined values of

2.29–2.32 and 3.73–3.92 eV for E1A and E1B transitions,

respectively. These observed transitions might occur at the

Z(0, 0, 0.5) point of the first Brillouin zone of the CZTSe.8

Our results are in fair agreement with the identified transi-

tions at 2.42 and 4.01 eV from ellipsometry in thin films8

and with 2.45 and 3.94 eV transitions observed by thermore-

flectance in bulk.12 Note that in these previous studies, the

authors used an excitonic line shape for the data analysis,

while we applied interband electronic transitions from CPs

of 2D type to describe the e(E) function, in accordance to the

typical approach for the e(E) function analysis of close

related ternary chalcopyrite compounds.17,22 The exciton

feature was only observed in the photoluminescence spectra

at liquid helium temperatures for CZTSe thin films,23 while

in the mentioned studies, optical measurements were carried

out at a room temperature. Thus, the possible physical reason

to use the excitonic contribution to the e(E) at 300 K remains

to be determined, and not only because this model may give

a better agreement for the e(E) function description.8,12

The pseudo-optical constants such as complex refractive

index n*¼ nþ ik, the normal-incidence reflectivity R, and

the absorption coefficient a, can be readily derived from the

e(E) function from well-known equations (see Eqs. (5)–(7) in

Ref. 24). In Fig. 4(a), we show n and k for the studied sam-

ples, and as an example we show a comparison of the experi-

mental and calculated values of the complex refractive index

using the MDF for the S1-sample in Fig. 4(b). Figs. 5(a) and

5(b) show similar plots for a and R pseudo optical constants

of CZTSe. The calculated spectra show a good agreement

with experimental data.

FIG. 3. Pseudodielectric function spec-

tra, real part e1(E) and imaginary part

e2(E), of CZTSe samples (a) and

numerically calculated (solid lines)

using the MDF model and the SA algo-

rithm for S1-sample (b). The obtained

values of the transition energies

denoted as E0, E1A, and E1B are indi-

cated by the arrows.

TABLE II. Model parameter values.

Parameters

E0 (eV) U0 (eV) A (eV1.5) E1A (eV) U1A B1A E1B (eV) U1B (eV) B1B e11

Error

Samples De1% De2%

S1 0.95 0.13 4.8 2.29 0.41 1.20 3.73 0.9 6.0 0.37 1.8 1.3

S2 0.95 0.15 4.1 2.32 0.39 0.95 3.84 0.9 6.0 0.55 1.9 1.7

S3 0.93 0.09 2.9 2.31 0.45 0.76 3.92 1.0 6.5 … 1.7 1.4

061909-3 Le�on et al. Appl. Phys. Lett. 105, 061909 (2014)
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In summary, the room temperature pseudo-optical con-

stants for Cu2ZnSnSe4 polycrystalline crystals, grown by the

modified Bridgman method, have been measured by spectro-

scopic ellipsometry in the 0.8–4.5 eV photon energy range.

Complementary XRD and Raman scattering measurements

corroborate the high crystalline quality of the grown samples

and suggest the absence in these samples of secondary

phases. The optical measurements reveal clear structures

which have been attributed to a contribution from the inter-

band transitions in the vicinity of the critical points. The op-

tical spectra have been modelled by using the Adachi’s

model dielectric function described by E0, E1A, and E1B

interband transitions. The values of the model parameters

(strength, threshold energy, and broadening) of the interband

transitions were computed by the simulated annealing algo-

rithm. In favour of its application, the reported dielectric

function model could be useful for the design and analysis of

optoelectronic devices based on the Cu2ZnSnSe4 material.
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sample (b).
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