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ABSTRACT

CdSexTe1-x films were deposited using a close-space sublimation (CSS) method

and CdSe ? CdTe mixed powders as the source material. Composition of the

source was changed to obtain films with varying x values, and the resulting

films were characterized by XRD, SEM, photoluminescence, Raman and optical

transmission measurements. All data agreed with the fact that as the Se content

of the source material was increased, the composition parameter x also

increased. GI-XRD measurements showed the films to be graded in composi-

tion, the surface region being more Se-rich. Band gap values obtained from

optical measurements showed a minimum band gap of about 1.4 eV for the

material that had the highest Se content of about 45% near its top surface.

Energy gap vs composition data demonstrated the expected bowing effect in

band gap values and a bowing parameter of 0.678 was determined.

1 Introduction

In order to meet the increasing energy demand due to

civilization and population growth, the need for

renewable and clean energy instead of traditional

fossil fuels pay attention in effort to restrain incre-

ment of global warming. In this regard, the use of

thin film photovoltaic technologies such as CIG(S,Se)

[1], CZT(S,Se) [2] and CdTe [3] has been developed

up in the last few decades. In particular, CdTe a

group IIB-VIA semiconductor material has been

extensively studied for solar cell applications due to

its superior properties such as ease of manufacturing,

low-cost production and near-optimum band gap

(1.5 eV) [3]. The yearly photovoltaic module pro-

duction of CdTe has exceeded 5 GW, and this
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manufacturing capacity is expected to expand over

20% by 2024 [4]. Record efficiency of CdTe solar cell

has been improved to over 22% by First Solar, with a

graded CdSexTe1-x layer at the window layer of the

cell, which enables band gap engineering [5, 6].

Recently, potential benefits of CdSe inclusion into

CdTe solar cell structure were pointed out [7] and

studies have shown that the band gap of the CdSeTe

alloy resulting from reaction of CdTe with Se

decreases the band gap near the junction to * 1.4 eV.

This shift in the band gap of the solar cell stack allows

better response of the device at long wavelength

region [8]. In the commonly used superstrate con-

figuration, the modified device stack is either formed

by depositing a CdSexTe1-x layer between the buffer

layer and the CdTe absorber, or by inserting a CdSe

layer that reacts with CdTe forming the CdSexTe1-x
interlayer during the traditional CdCl2 treatment

[9, 10]. In art studies on solar cells using the CdSeTe/

CdTe deposition sequence, it was determined that the

CdSeTe layer significantly improved cell perfor-

mance [11, 12]. CdSexTe1-x thin films have been pre-

pared by various methods such as vacuum

evaporation [13, 14], hot wall deposition [15] and co-

sputtering [16, 17]. An attractive way of depositing

CdTe is close-space sublimation (CSS) which involves

compound deposition onto a substrate placed in close

proximity to the CdTe source [18]. It should be noted

that high efficiency CdTe-based devices have been

fabricated using this technique [19, 20].

In this study, we deposited CdSexTe1-x thin films

using well-mixed CdSe and CdTe powders as source

material in a CSS system in a single pump-down. We

report a study of the effects of Se content on the

structural and optical properties of polycrystalline

CdSexTe1-x (x = 0–1) thin films. Our results demon-

strate an alternative route of depositing CdSexTe1-x
layers to be employed in CdTe-based solar cell

applications.

2 Experimental details

Polycrystalline CdSexTe1-x thin films were deposited

on glass substrates by a CSS method. The experi-

mental procedure is shown in Fig. 1. High purity

CdSe (99.99%) and CdTe (99.995%) powders were

used instead of CdSeTe alloy as the source material in

this study. First, the amount of CdSe and CdTe

powders in the mix were theoretically calculated to

obtain variable stoichiometry thin films. However,

since the sublimation temperatures of CdSe and

CdTe [21] are different under the same experimental

conditions, it became clear that extra CdSe needed to

be used in a fixed amount of CdTe ? CdSe powder to

target a desired composition. CdSexTe1-x thin films

were grown on soda lime glass at 0.85 mT in Ar

atmosphere for 3 min. Source and substrate temper-

atures were adjusted to 680 �C and 600 �C, respec-
tively. The thickness of the grown films was about

5 lm. Five different alloy films with increasing Se

content were produced and these samples were

labeled as CdSeTe-1, CdSeTe-2, CdSeTe-3, CdSeTe-4

and CdSeTe-5 in the order of increased Se content.

Additionally, non-alloyed CdTe and CdSe thin films

were also grown for comparison.

The thickness of the samples was measured with

Dektak XT profilometer. XRD spectra were obtained

with Rigaku Smartlab diffractometer in the range of

2h = 10�–70� using CuKa radiation. Raman spectra

and photoluminescence measurements were taken

with a Renishaw Confocal Raman microscope at the

wavelength of 633 nm at room temperature. The

surface morphology of the samples was obtained by

Zeiss EVO LS10 SEM. Optical measurements were

taken Dongwoo Optron UV–Vis spectrophotometer.

3 Result and discussions

3.1 XRD spectra

Figure 2 shows the XRD spectra of the CdSexTe1-x
films between 20� and 65�. As can be seen from this

figure, CdTe and CdSeTe samples have cubic crys-

talline structure and (111) preferred orientation, as

indexed by the (111), (220), (311), (400) and (331)

peaks [JCPDS Card No: 00–015-0770]. However, it

can also be observed that the CdSe film crystallized in

a hexagonal wurtzite structure with a preferred ori-

entation along (002) [JCPDS Card No:00–008-0459].

This is determined by the peak at 2h = 45.8�, which

corresponds to the (103) plane of CdSe. In some

previous studies, evaporated CdSe films were found

to have the cubic structure [22, 23]. In the present

study, films were in the more stable hexagonal phase

since the substrate temperature was over 550 �C.
Figure 3 shows an expanded view of the XRD

peaks in the 2h = 23–268 range. As can be seen, as the

Se-concentration increases, the peak positions are
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shifting to higher angles and the intensity of the main

peaks decreases. It was observed that all CdSeTe

samples crystallized in the cubic phase unlike the

CdSe layer. Our findings are in agreement with prior

studies that observed hexagonal CdSeTe film forma-

tion for Se amount exceeding 40% [3, 15]. If we

assume uniform composition for the films the peak

position of the CdSeTe-5 film suggests a Se content of

about 30% (x = 0.3). The clear shift in the XRD peaks

is proof that the overall stoichiometry could be con-

trolled in our mixed source CSS approach. To check if

there is Se gradient in the films, glancing angle XRD

(GI-XRD) measurements were taken and such

gradient was confirmed. The results for sample

CdSeTe-5 are shown in Fig. 4, as an example. As can

be seen from this data the (111) peak position shifts

from 24.50� to 24.25� as the glancing angle is changed

from 0.7� to 7�. This corresponds to a compositional

range of 30–45% Se and indicates the presence of a

compositional gradient in the films.

By using Bragg’s law and the crystal structure

equations, lattice parameters of the CdTe- CdSeTe

and CdSe can be calculated using Eq. (1a) and

Eq. (1b), respectively.

Fig. 1 Schematic representation of experimental procedure

Fig. 2 XRD spectra of all samples measured between 20� and 65�

Fig. 3 XRD graphic showing expanded peak positions of samples
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1

d2
¼ h2 þ k2 þ l2

a2
for cubic structure ð1aÞ

1

d2
¼ 4

3

ðh2 þ hkþ k2Þ
a2

þ l2

c2
for hexagonal structure

ð1bÞ

where h, k, l are Miller indices, d is the inter-planar

distance and a and c are the lattice parameters. Lattice

parameters calculated from the data are shown in

Table 1. Experimental and theoretical lattice con-

stants are comparable. The lattice parameter decrea-

ses from 6.481 Å for the CdTe sample to 6.362 Å for

CdSeTe-5 sample. These values are in agreement

with the previous studies [3, 13].

The average crystal size of the samples was calcu-

lated from the Scherrer formula [24] given by Eq. (2);

D ¼ Kk
bhkl cos h

ð2Þ

where K is the Scherrer constant (K = 0.86), k is the X-

ray wavelength (k = 1.5406 Å), bhkl is the full width at

half maximum (FWHM) and h is the Bragg’s

diffraction angle. K-constant varies depending on the

crystallite shape and size distribution, indices of the

diffraction line and is in the range of 0.62 and 2.08. In

this study, K = 0.86 for cubic crystallites in prefer-

ential direction (111) was used. However, since the

exact value of Scherrer’s constant is not known, the

calculated crystal size values are estimated values

[25]. Micro-strain values were also calculated using

Eq. (3) [26]

e ¼ bhkl cos h
4

ð3Þ

where e is the root mean square value of micro-strain.

The crystallite size and micro-strain values calculated

using Eqs. (2–3) are shown in Table 2. As can be seen

from this data, the largest crystallite value is 32 nm

(for CdTe). However, as the Se-concentration increa-

ses, crystallite size decreases down to 24 nm. On the

contrary, it was determined that micro-strain values

increase from the low value of 0.00101 (for CdTe) to

0.00132 (for CdSeTe-5) as Se content increases. This

inverse relationship between the crystallite size and

micro-strain can be clearly seen in Fig. 5.

3.2 Raman spectra

Figure 6 shows the Raman spectra obtained from all

samples, measured at room temperature, excited by

633 nm HeNe laser. As can be seen in this figure,

CdTe-like and CdSe-like transverse optical (TO) and

longitudinal optical (LO) phonons have been detec-

ted in the data between 100 cm-1 and 220 cm-1. In

addition, frequencies of the second-order LO pho-

nons are also observed between 300 cm-1 and

425 cm-1. The peaks centered at 139.8 cm-1 and

164.3 cm-1 correspond to the fundamental transverse

Fig. 4 Expanded XRD spectra of CdSeTe-5 sample at different

incident angles (in the range of 0.7–7�)

Table 1 Lattice parameters of the samples

Sample a (Å)

CdTe 6.483 (C)

CdSeTe-1 6.461 (C)

CdSeTe-2 6.445 (C)

CdSeTe-3 6.421 (C)

CdSeTe-4 6.399 (C)

CdSeTe-5 6.362 (C)

CdSe 4.299 (H) 7.010 (H)

Table 2 Crystallite size and micro-strain values calculated by

using Eq. (2–3)

D (Crystallite size) (nm) e (Micro-strain)

CdTe 32 0.00101

CdSeTe-1 30 0.00107

CdSeTe-2 28 0.00116

CdSeTe-3 27 0.00121

CdSeTe-4 25 0.00126

CdSeTe-5 24 0.00132

9688 J Mater Sci: Mater Electron (2021) 32:9685–9693



optical (TO1) and longitudinal optical (LO1) phonon

modes of CdTe, and the peak centered at 328.7 cm-1

is associated with the longitudinal optical (2LO1)

phonon mode of CdTe [27, 28]. When the spectrum of

the CdSeTe-1 sample was examined, it was seen that

the intensity of the vibrational mode at 164.3 cm-1

(CdTe-like LO mode) decreased and its position

shifted to a higher frequency (close to 180 cm-1), and

a low-intensity shoulder peak associated with CdSe-

like LO mode started to show up. As for the behavior

of the spectra obtained from CdSeTe-2 through

CdSeTe-5 samples, it is seen that the peak at

164.3 cm-1 belonging to CdTe disappears and a dis-

tinct vibration mode occurs at around 188.8 cm-1. In

the Raman spectrum of cubic structures, only LO

phonons are permitted. Therefore, TO mode which

appears around 139 cm-1 for CdSeTe can be attrib-

uted to disorder and defects of the alloys [29]. The

phonon frequency may also vary depending on the

stoichiometry of the alloy, because the lattice

parameter of CdSeTe shifts to a value different from

the bulk parameters of CdSe and CdTe [30, 31]. As a

result, it can be concluded from the data of Fig. 5 that

going from CdSeTe-1 sample to CdSeTe-5 sample the

overall Se content of the alloy gradually increases, as

supported by the XRD data. In the spectrum of CdSe,

the two peaks located at 206.7 cm-1 and 414.4 cm-1

are associated with the longitudinal optical phonon

mode (LO mode) [32].

3.3 SEM images

Figure 7 shows the scanning electron microscope

(SEM) images of CdTe, CdSeTe-5 and CdSe samples.

As can be seen from this data, the surface morphol-

ogy and average particle size of the films strongly

vary with the composition. CdTe has a facet-shape

grain structure which is densely-packed, homoge-

neous and free from voids, cracks or pinholes. The

size of the grains varies between 3 lm and 14 lm.

There is no significant change in the grain configu-

ration and compact nature for sample CdSeTe-5.

However, the grain size is decreased, varying

between about 2 lm and 8 lm. CdSe film morphol-

ogy, on the other hand, is very different than the Te

containing compositions. This film has much smaller

grain or particle size which is in the range of 1–3 lm.

Although relatively small, this grain size is still con-

siderably larger than those observed in CdSe films

produced by other methods [33–37]. This is due to the

fusion of grains during high temperature deposition

by the CSS method [38].

3.4 Photoluminescence spectra

Room temperature photoluminescence (RTPL) data

obtained from the CdSe, CdTe and CdSeTe alloy

films are shown in Fig. 8. As can be seen, the PL

spectrum of the CdSe sample showed a main peak at

approximately 718 nm, corresponding to an energy

value of 1.73 eV. This peak is attributed to band-to-

band transitions in the compound. In the PL spec-

trum of CdTe, a main peak appears at around 821 nm

corresponding to the absorption edge of CdTe

(1.51 eV). In the PL spectrum of the CdSeTe samples

(from CdSeTe-1 to CdSeTe-5), the peak position shifts
Fig. 5 Crystallite size and micro-strain graphics for CdTe and

CdSeTe samples

Fig. 6 Raman spectra of all samples measured between 100 cm-1

and 500 cm-1
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to higher and higher wavelengths (843 nm, 853 nm,

870 nm, 876 nm and 882 nm) as the Se content

increases. These wavelength values correspond to

band gap values of 1.471 eV, 1.454 eV, 1.452 eV,

1.416 eV and 1.406 eV, respectively. The results show

that as the Se-concentration in the CdSeTe alloy

increases, its band gap value decreases due to the

bowing effect as reported by others.

3.5 Optical measurements

In order to examine the optical properties of the

samples, transmittance measurements were taken in

the wavelength range of 500–1000 nm. Band gaps of

the samples were calculated employing Eq. (4) and

using the transmittance data [39].

ðahvÞ ¼ Aðhv� EgÞ1=2 ð4Þ

where ’Eg’ is the optical band gap, ’A’ is propor-

tionality constant, ’hv’ ’is the photon energy and ’a’ is
the absorption coefficient. The absorption coefficients

in this equation can be calculated by means of Eq. (5).

a ¼ 1

d
ln

1

T

� �
ð5Þ

where ‘d’ is the thickness in cm and ‘T’’ is the

transmittance. In Fig. 9, the (ahv)2 - (hv) graphs of all

Fig. 7 SEM images of

a CdTe, b CdSeTe-5 and

c CdSe samples

Fig. 8 PL spectra of samples
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samples are shown. The band gap values were

determined from the x-axis intersection points of the

linear parts of the absorption curves. These are listed

in Table 3. As can be seen from this table, the band

gaps of CdTe (1.473 eV) and CdSe (1.672 eV) are in

agreement with known properties of these com-

pounds. As for the CdSeTe samples, it is seen that the

band gap value decreases as the Se-concentration in

the alloy increases in agreement with the photolu-

minescence results. In the CdSeTe-5 sample, a mini-

mum band gap value (1.397 eV) was reached. This

value is similar to the value obtained from photolu-

minescence measurement.

It should be noted that the optical measurements

reported above are expected to be sensitive to and

dominated by the lowest energy gap in a graded film.

XRD measurements taken at high incident angles,

however, are expected to be dominated by the com-

position that represents the largest amount within the

film. We had previously pointed out that glancing

angle XRD of sample CdTeSe-5, for example, indi-

cated a maximum Se concentration of about 45% near

the surface when the incident angle was 0.78, whereas

at 78 the peak position suggested a Se content of 30%.

The band gap value obtained from optical measure-

ments for this sample is about 1.4 eV, which is more

in line with a Se composition of 45%. Therefore, we

used the near surface composition obtained from

glancing angle measurements made on all samples

for the Eg-x graph plotted in the inset of Fig. 9. When

the polynomial fit is matched, it is clearly seen from

this plot that the band gap is minimum at around

x = 0.45 and the band gap increases for x values

larger than 0.45, due to the bowing effect. Second-

order polynomial function describing the depen-

dence of the band gap on the composition is usually

written as

EGðxÞ ¼ ECdTe
G 1� xð Þ þ ECdSe

G x� bx 1� xð Þ ð6Þ

where EG is band gap, x is Se% composition with

respect to (Se ? Te) and b is the bowing parameter.

According to our findings, the polynomial fit function

can be written as:

EGðxÞ ¼ 1:481� 0:457xþ 0:647x2 ð7Þ

By rearranging the above equation;

EGðxÞ ¼ 1:481 1� xð Þ þ 1:671x� 0:647x 1� xð Þ ð8Þ

In this Equation 1.481 and 1.671 are the band gap

values of CdTe and CdSe, respectively, and 0.647 is

the bowing parameter. The calculated band gaps and

bowing parameter using the equation of polynomial

curve (Eq. 8) are in agreement with prior art reported

for films grown by other techniques [40, 41].

Several studies in the literature support the band

gap bending behavior in CdSeTe alloys [8, 41, 42]. In

one of the studies investigating the electronic band

structures of the CdSexTe1-x alloy, it was determined

that the degree of ionicity of all atoms changes lin-

early with the x-ratio. They revealed that there was

strong competition between anions (Se and Te) in

trapping/loss charges and this competition was the

basic cause of the bowing effect [42].

4 Conclusions

CdTe, CdSexTe1-x and CdSe films were grown by CSS

method by using a mixed CdSe ? CdTe powder

source. Mixing ratios were changed to obtain films

with varying compositions. XRD spectra indicated

that CdTe and CdSeTe films with\ 50% Se crystal-

lized in cubic structure and the CdSe film had

hexagonal structure. Furthermore, Se inclusion intoFig. 9 (ahv)2 - (hv) graph of all of the samples

Table 3 Band gaps of

CdSexTe1-x thin films Sample Band gap (eV)

CdTe 1.473

CdSeTe-1 1.448

CdSeTe-2 1.425

CdSeTe-3 1.404

CdSeTe-4 1.399

CdSeTe-5 1.397

CdSe 1.672
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the CdTe lattice was apparent from XRD peak posi-

tion shifts as the Se amount in the source material

was increased. Raman spectra data also agreed with

this finding. GI-XRD data showed that there was

compositional gradient in these films yielding higher

Se content near the top surface. SEM images showed

that samples produced by the CSS method were

large-grained and compact. Grain size reduced as the

Se amount was increased from 0 to 100%. Photolu-

minescence spectra indicated peaks associated with

band to band transitions, which could be translated

into band gap values that got smaller as Se content

increased. Tauc plots were generated using optical

transmittance data. Band gap values obtained agreed

with the photoluminescence results, and they repre-

sented the lowest band gap material present in these

graded films. Eg–x relationship demonstrated band

gap bowing effect that yielded the smallest band gap

value of * 1.4 eV for the film that comprised

x = 0.45 composition.

Acknowledgements

This work is financially supported by the Scientific

and Technological Research Council of Turkey

(TUBITAK) with the grant number of 118F140.

References

1. P. Jackson, D. Hariskos, E. Lotter et al., Prog. Photovoltaics

Res. Appl. 19, 894 (2011)

2. S.S. Patil, R.M. Mane, S.S. Mali, C.K. Hong, P.N. Bhosale,

Sol. Energy 201, 102 (2020)

3. D.E. Swanson, J.R. Sites, W.S. Sampath, Sol. Energy Mater.

Sol. Cells 159, 389 (2017)

4. ASB Ankit Gupta (2017) Global Market Insights,

5. A.H. Munshi, J. Kephart, A. Abbas et al., IEEE Journal of

Photovoltaics 8, 310 (2017)

6. M.A. Green, E.D. Dunlop, D.H. Levi, J. Hohl-Ebinger, M.

Yoshita, A.W. Ho-Baillie, Prog. Photovoltaics Res. Appl. 27,

565 (2019)
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