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The order-disorder transition in kesterite Cu2ZnSnSe4 (CZTSe), an interesting material for solar

cell, has been investigated by spectrophotometry, photoluminescence (PL), and Raman spectros-

copy. Like Cu2ZnSnS4, CZTSe is prone to disorder by Cu-Zn exchanges depending on tempera-

ture. Absorption measurements have been used to monitor the changes in band gap energy (Eg) of

solar cell grade thin films as a function of the annealing temperature. We show that ordering can

increase Eg by 110 meV as compared to fully disordered material. Kinetics simulations show that

Eg can be used as an order parameter and the critical temperature for the CZTSe order-disorder

transition is 200 6 20 �C. On the one hand, ordering was found to increase the correlation length of

the crystal. But on the other hand, except the change in Eg, ordering did not influence the PL signal

of the CZTSe. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896315]

Cu2ZnSnSe4 (CZTSe) and Cu2ZnSnS4 (CZTS) have

been considered as absorber materials for thin film solar cells

as they exhibit suitable band gaps to achieve efficient devi-

ces1 and high absorption coefficients.2–4 Moreover, they are

composed of abundant metals. The rapid improvement of the

solar cell efficiency has increased the interest for this mate-

rial class. Nevertheless, the best reported efficiency (12.6%

for Cu2ZnSn(S,Se)4
5) is about half of those reported for

others thin films solar cells such as Cu(In,Ga)Se2 or CdTe

(Ref. 6) and it is necessary to get a deeper understanding of

the CZTS(e) physical properties in order to improve the solar

cell efficiency.

The kesterite structure (tetragonal) is the most thermo-

dynamically stable phase of CZTS(e)7–10 and is also the one

observed experimentally.11 Neutron scattering and nuclear

magnetic resonance revealed disorder between Cu and Zn in

the Cu/Zn planes located at z¼ 1/4 and z¼ 3/4 for CZTS

powder samples leading to the formation of ZnCu and CuZn

antisite defects.11,12 It has been observed that this disorder

modifies the Raman spectrum of CZTS.13–15 In addition, a

Raman based study of CZTS thin film has shown a critical

temperature (Tc) of 533 K for the order-disorder transition of

pure sulfide based kesterites (CZTS).14 At equilibrium, the

material is completely disordered if the temperature is above

Tc. Below Tc the equilibrium ordering degree increases con-

tinuously and the perfect order is reached only at 0 K (i.e., a

second order phase transition). When the temperature is

changed, the material tends to reach the new equilibrium

ordering but the kinetics depend strongly on the temperature.

At room temperature CZTSe can be seen as a nearly stable

system, i.e., the order-disorder ratio does only slowly change

with time. First, this implies that quenching the sample to

room temperature allows us to probe the material as it was

before the quench, second it is not possible in practice to

obtain perfectly ordered material and third as the ordering

depends on the sample history it is complicated to compare

physical properties of kesterite synthesised by different

routes.

For CZTSe, there is a large discrepancy between

reported Eg values.16,17 Besides secondary phases, different

compositions or different measurement methods, different

degrees of ordering could also explain this discrepancy.

Indeed, ab initio calculation18 predicted a decrease in Eg of

about 20 meV for ZnCuþCuZn defect cluster concentration

of 3.4� 1020 cm�3. In addition, for CZTS, Eg variations

induced by different degrees of ordering have been sug-

gested from Raman, photoluminescence (PL), and quantum

efficiency.14,19

We studied the change in Eg of one CZTSe thin film af-

ter successive annealings/quenchings. This sample was

deposited on a bare glass substrate by high temperature co-

evaporation performed in a molecular beam epitaxy appara-

tus.20 The film composition determined by energy dispersive

X-ray spectroscopy was Cu poor (Cu/(ZnþSn)¼ 0.86, Zn/

Sn¼ 0.96). Annealings were done under vacuum (2 � 10�3

mbars) at dwell temperature ranging from 75 �C to 300 �C.

To cool down, the sample was quenched under N2 flux

allowing to reach room temperature in less than 3 min. After

each annealing step, total normal transmittance (T) and total

reflectance at 8� incidence (R) of the sample were measured

with a UV-Vis-NIR spectrophotometer at room temperature.

The absorption coefficient a was calculated assuming a free

standing and non-coherent film21

T ¼ ð1� rÞ2X=ð1� r2X2Þ and R ¼ r þ TrX; (1)

with r being the air/film interface reflectivity and X ¼
expð�adÞ with d being the thickness. Eg was extracted from

a linear fit of the Tauc’s plot for direct band gap in the range

of a2(h�)2 values between 2–5.8� 1012 eV2 m�2 and where

the second derivative is close to 0.

Fig. 1 presents the evolution of Eg during the annealing/

quenching sequence (for clarity, intermediate values for suc-

cessive annealings/quenchings at the same temperature are

not given). First, the sample was annealed/quenched using aa)Electronic mail: germain.rey@uni.lu
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dwell temperature of 150 �C (1 h) and then using a dwell

temperature of 175 �C (1 h) in order to start with a near equi-

librium ordering state. Subsequently, the sample was

annealed/quenched using dwell temperatures increased from

200 �C up to 300 �C each 25 �C. After each annealing step

the sample was characterized. Then annealing/quenching

were performed with dwell temperature reduced by 25 �C at

each step down to 75 �C, again characterizing the sample af-

ter each step. Meanwhile the annealing time was increased

to counterbalance the reduced ordering kinetics at low tem-

perature (annealing times are given in Fig. 2, inset). Finally,

the dwell temperature was increased to come back to the

starting temperature.

The inset of Fig. 1 shows the Tauc’s plots after succes-

sive annealings/quenchings for decreasing temperature

between 300 �C and 75 �C. The curves show a clear shift

towards higher energy when decreasing annealing tempera-

ture, revealing an increase in Eg.

The change in Eg is completely reversible, therefore the

formation of secondary phases, element losses due to anneal-

ing, and contamination from the glass substrate can be

excluded as a possible origin of the changes of Eg. However,

composition changes in the near surface of interface region

(nanometer range) cannot be ruled out due to the limited sur-

face sensitivity of spectrophotometry. The reversibility and

the continuity strongly support the observation of a second-

order phase transition as expected in the case of an order-

disorder transition.

Eg drops significantly by about 110 meV when the

annealing temperature is increased from 75 �C to 200 �C.

Above 200 �C, Eg levels off, which can be understood if the

sample reaches complete disorder on the Cu and Zn site of

the Cu-Zn planes. This suggests that the critical temperature

for the order-disorder transition critical temperature in

CZTSe is Tc¼ 200 6 20 �C which is lower than the value of

260 �C reported for CZTS.14

The curves depicted in Fig. 1 show only a small hystere-

sis, this feature is only expected when the kinetics is quick

enough to reach the near equilibrium ordering degree after

each annealing/quenching step.

In order to understand the evolution of the order during

this experiment, we calculated the long-range order parame-

ter (S) within the Vineyard’s theory of order-disorder

kinetics.22 Both the direct Cu-Zn exchange and the vacancy

assisted exchange were investigated. As they gave similar

results only the direct exchange approach will be presented.

Considering a Cu/Zn plane of the kesterite as a CuZn com-

pound (Cu/Zn¼ 1) with a square 2D lattice, one can find

S ¼ 2ðPCu
Cu � 1=2Þ, where PCu

Cu is the probability to find a Cu

element on a Cu site. S¼ 1 for a perfectly ordered material

and S¼ 0 for a fully disordered material. S¼ 0.875 corre-

sponds to 3.4� 1020 cm�3 ZnCuþCuZn defect clusters. With

the assumed geometry and stoichiometry, the time evolution

of S reduces to:

dS

dt
¼ 1

2
KO 1� Sð Þ2 � KD 1þ Sð Þ2
h i

: (2)

Where KO and KD are the rate constants for ordering and dis-

ordering, respectively:

KO

KD
¼ 4f exp

�U

kBT

� �
exp

63vS

kBT

� �
; (3)

with f being the frequency of the vibrational mode associated

with direct interchange of two neighboring elements, U is

the activation energy of the interchange, and v¼ 1/

2(VCuCuþVZnZn� 2VCuZn), where Vij (i, j¼Cu or Zn) is the

interaction energy between i type and j type first neighbors.

According to Eqs. (2) and (3), the perfectly disordered

state is an unstable equilibrium at all temperatures, since dS/

dt¼ 0. Thus, a small deviation from the perfectly disordered

FIG. 1. Evolution of the CZTSe band gap with the temperature during the

annealing/quenching sequence. Inset: Tauc’s plots for direct band gap for

decreasing temperature.

FIG. 2. Calculated evolution of the long range order parameter during suc-

cessive annealings. The inset present the evolution of Eg for the same

annealing sequence. Annealing times (dwell times) are shown as labels.
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state is needed for ordering to start,22 and we assumed

S¼ 0.05 when ordering starts. As deduced from Fig. 1, Tc

was fixed at 200 �C which corresponds to v/kB¼ 315 K. f and

U were adjusted in order to fit changes in Eg by integration

of Eq. (2). A linear relationship between S and Eg was

assumed and the S value of the as grown material was

included as fit parameter. Extracted values of f¼ 1� 1012 Hz

and U/kB¼ 15 000 K are not accurate because these two pa-

rameters are partially correlated for this set of measurements,

consequently f was set to 1 THz corresponding to lattice

vibration regime.

Fig. 2 presents the evolution of S during the successive

annealing/quenching sequence based on Eq. (2) and Eg is

shown in the inset for direct comparison. Fig. 2 includes

starting points and intermediate data when several anneal-

ings were performed at the same temperature. The intermedi-

ate data have not been shown in Fig. 1. The calculated shape

of S versus T correlates with a good agreement to the meas-

ured changes of Eg versus T, indicating that Eg can be chosen

as a secondary order parameter. According to the theoretical

evolution of the order parameter shown in Fig. 1 all meas-

ured data correspond to the equilibrium case except the data

point at 75 �C (i.e., only at 75 �C might be the kinetics too

slow to reach equilibrium after 20 h). This is in agreement

with the absence of significant hysteresis in Fig. 1. From the

deduced relationship between S and Eg, we calculated a

24 meV band gap decrease for a 3.4� 1020 cm�3

ZnCuþCuZn defect clusters density with is in good agree-

ment to the ab initio calculated value of 20 meV.18

So far, we demonstrated a band gap change of CZTSe

(deposited directly on glass) by 110 meV due to the order-

disorder transition with a critical temperature of 200 �C. This

change in Eg was similarly investigated on Cu poor CZTSe

(Cu/(Znþ Sn)¼ 0.90, Zn/Sn¼ 0.99) grown on Mo coated

glass substrate, as this stack is commonly used in solar cell.

Complete devices from similar CZTSe give 7% conversion

efficiency. The sample was divided in two pieces and

annealed at 300 �C for 1 h and quenched to disorder the ma-

terial. The first piece subsequently labelled “Dis-CZTSe” has

been removed from the oven after this step. Then the second

piece labelled “Ord-CZTSe” has been ordered with the fol-

lowing annealing sequence: 150 �C for 2 h, 125 �C for 20 h,

100 �C for 20 h, 80 �C for 18 h.

Raman spectra of both samples are compared in Fig. 3.

We focus on the three Raman modes with A symmetry

labelled A(1), A(2), and A(3) and reported in the literature at

170, 174, and 196 cm�1, respectively.23,24 According to the

mode symmetry analysis, these three Raman-active A modes

in the ordered kesterite (point group �4) become two Raman-

active A1 modes (labeled A1(1) and A1(2)) plus one silent A2

mode in the fully disordered kesterite25 (point group �42m
(Ref. 26)). Fig. 3 shows that for both samples, the A(3)/

A1(2) mode near 195 cm�1 is the strongest. For Ord-CZTSe,

the A(1) mode can be seen as a very clear shoulder next to

the more intense A(2) mode,24 and two peaks located at

168.1 and 173.0 cm�1 were necessary to decently fit the ex-

perimental spectrum (Fig. 3, upper inset). On the other hand,

the same region for Dis-CZTSe was satisfactorily fitted with

one peak only (Fig. 3, lower inset), which is consistent with

the symmetry analysis.

Increasing the ordering decreases significantly the width

of the mains peaks, which supports the hypothesis that the

ordering treatment allows to effectively reduce the defect den-

sity. Moreover, ordering moves the main peaks towards higher

Raman shifts. Similar changes have been seen in CZTS and

attributed to an increase of the correlation length and phonon

confinement.28 During ordering, the decrease in defect density

is expected to increase the crystal correlation length and may

produce the same effect here. According to theoretical phonon

dispersion,29,30 upon ordering, a shift towards higher Raman

shifts is expected for the main A(3)/A1(2) mode and modes

around 80 cm�1, which is in agreement with our observations.

Last, we note that ordering reduces significantly the intensity

of the Raman modes located at 221.6 and 250.4 cm�1.

PL spectra plotted in Fig. 4 show one broad peak centred

at 0.82 eV and 0.93 eV for Dis-CZTSe and Ord-CZTSe,

respectively. The ordering treatment shifts the PL peak

towards higher energy of 115 meV which is in agreement

with the increase in Eg reported in Fig. 1. The lower value of

the PL peak maximum compared to value of Eg measured by

spectrophotometry is due to the band tailing observed in the

inset of Fig. 1, considering a> 0 for h� <Eg.

Surprisingly, the fitted PL peak of Ord-CZTSe is wider

than the one of Dis-CZTSe (full width at half maximum are

160 meV and 138 meV, respectively). Disorder seems to not

degrade the PL of an CZTSe thin film at least at the 7% effi-

cient devices level.

In summary, the band gap of solar grade CZTSe thin

films was investigated during an annealing/quenching

sequence with temperature ranging from 75 �C to 300 �C. An

increase of the room temperature Eg of 110 meV was meas-

ured by spectrophotometry and photoluminescence for low

temperature (75 �C) treated CZTSe compared to high tem-

perature (300 �C) treated CZTSe. Simulations of the evolu-

tion of the Cu-Zn long range order parameter during

annealings reproduce well the measured change of Eg. A

FIG. 3. Normalised Raman spectra of Ord-CZTSe and Dis-CZTSe recorded

with a 633 nm excitation wavelength. Insets show fitting of modes A(1) and

A(2) (Ord-CZTSe) or A1(1) (Dis-CZTSe) (color curve: experimental spec-

trum, black dashed curve: fitting result, grey curves: individual Lorentzian

peak and asymmetric Lorentzian27 peak for the A(3)/A1(2) mode). The inset

table shows peak center and full width at half maximum (w) in cm�1.
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200 6 20 �C order-disorder transition critical temperature

was deduced for CZTSe. Raman measurements revealed an

increase in crystal quality for partially ordered CZTSe attrib-

uted to reduced ZnCu and CuZn antisite defects concentration.

Apart from a shift due to a Eg change, the photolumines-

cence was not affected by the reduction of defect concentra-

tion during ordering suggesting that ZnCu and CuZn defects

may be not currently limiting the solar cell efficiency.
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