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Abstract CdTe films were prepared on Fluorine-doped

tin oxide substrate by RF magnetron sputtering and close

spaced sublimation (CSS) methods, respectively. These

CdTe films were then treated with a wet CdCl2 heat process

at different temperatures. The structural and optical prop-

erties of CdTe films were investigated by X-ray diffraction,

scanning electron microscope and UV–Visible spectro-

photometer. The results reveal that both types of CdTe

films have a better crystalline and larger grain size after

CdCl2 heat treatment. However, the (422) peak has a more

preferential orientation than (511) peak after CdCl2 acti-

vation for CdTe films prepared by sputtering method, while

these two peaks almost have the same intensity for CSS-

prepared CdTe films. The transmittance of CdTe films

prepared by CSS is apparently lower than sputtered CdTe

films. Correspondingly, the efficiency of solar cells with

CSS-prepared CdTe is 7.3, 2.6 % of sputtered CdTe films.

1 Introduction

CdTe is one of the most promising photovoltaic materials

available for use as low-cost, high-efficiency thin film solar

cells due to its direct band gap of 1.5 eV and high optical

absorption coefficient ([104 cm-1) [1]. Now the highest

efficiency of CdTe thin film solar cells is 17.3 %, achieved

by First Solar [2]. CdTe thin films can be prepared by

various technologies such as vacuum thermal evaporation,

close spaced sublimation (CSS) [3], electro-deposition [4],

RF magnetron sputtering [5], etc. Among these methods,

CSS and RF magnetron sputtering have particularly great

potential in industrial production. RF sputtering is more

suitable to industrial production, while the efficiency of

solar cells prepared by this method is lower than CSS.

Therefore, further investigations are needed to compare

CdTe thin film properties prepared by these two methods.

Appropriate CdCl2 heat treatment is very important for

the preparation of CdTe solar cell; otherwise, as-deposited

CdTe films would have many undesirable characteristics

such as small grains, short minority carrier lifetime and

high resistivity due to a large number of grain boundaries

[5]. However, after a proper CdCl2 activation, CdTe films

would recrystallize and results in larger grains, which could

promote diffusion at the CdS/CdTe interface and lead to

better efficiency of solar cell [6]. Generally, the CdCl2
activation can be realized by two methods. One is dry

method that the prepared CdTe films undergo a heat

treatment in CdCl2 vapor atmosphere. The other is wet

method, CdTe films will be immersed into a CdCl2 solu-

tion, and then the CdTe films processed a activation at

380–500 �C. Researches existed mainly focus on CdCl2
activation of CSS-prepared CdTe films [7, 8], however,

more thorough studies are still in need to confirm the

appropriate activation process as well as the photovoltaic

property of activated CdTe films.

In this paper, CdTe films were prepared on Fluorine-

doped tin oxide (FTO) substrates by RF magnetron sput-

tering and CSS methods, and then were activated by wet

CdCl2 heat treatment. Comparison of surface morphology

and microstructure was made between samples obtained

from these two different ways. It may help to identify the

advantages and disadvantages of each method, so as to

provide more instructions for improving CdTe solar cells.
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2 Experimental

The substrates used in this work were commercial FTO

coated glass; the substrates were cleaned sequentially with

chromic acid and de-ionized water in an ultrasonic bath.

The CSS deposited CdTe films were prepared in a quartz

vacuum chamber for 4 min at 2.6 Pa, the source and the

substrate were heated by halogen lamps, the temperatures

were 640 and 550 �C, respectively. The distance between

them was 5 mm. CdTe films prepared by RF magnetron

sputtering method were deposited with the substrate tem-

perature at 300 �C for 45 min. The sputtering forward

power was 250 W, reflect power was 18 W. The sputtering

gas used was Ar and the total gas pressure was 0.5 Pa.

For wet CdCl2 treatment, the CdTe films were immersed

into a saturated CdCl2 solution (1 g/60 ml ethanol) for 5 s

[7]. Then CdTe films were heated in rapid annealing fur-

nace for 30 min. The working gas was high purity air with

the flow of 0.5 L/min, and the pressure maintains at 75 kPa,

activation temperature varied from 340 to 420 �C. In order

to investigating the performance of CdTe solar cells,

120 nm CdS films were prepared on FTO substrate by RF

sputtering method. Then CdTe films were deposited on

CdS films by CSS and sputtering method, followed by a

CdCl2 treatment and copper gold back contact deposition.

The cell area is 0.07 cm2.

The thickness of films was measured by a Vecco Dek-

tak-150 Stylus Surface Profiler. The crystalline and orien-

tation of the films were characterized by X-ray diffraction

(XRD) using Cu Ka (1.5406 Å) radiation, and their mor-

phology were observed by a scanning electron microscope

(SEM). UV–Vis–NIR transmittance spectra of the films

were measured by a Cary 5,000 spectrophotometer.

3 Result and discussion

3.1 Structure and morphology

Figure 1 shows XRD patterns of CSS-prepared CdTe thin

films before and after CdCl2 activation at different tem-

peratures. The thickness of CdTe films was about 3.1 lm.

The as-deposited sample and activated sample both exhibit

cubic crystal structure with a preferred orientation of (111)

plane. Peak (111), (311), (400), (422) and (511) becomes

stronger with temperature increasing from 340 to 380 �C,

indicating that CdTe films have better polycrystalline

characteristic after CdCl2 activation. CdTe films could

have large grain size and grain boundary passivation at

380 �C, and therefore the activation temperature is usually

set at 380 �C [9]. However, temperature higher than

420 �C usually brings undesirable results on film micro-

structure. Almost all peaks decrease dramatically in such

cases, probably due to that CdCl2 has evaporated at high

temperature [5]. CdCl2 may act as sintering agent, when

chlorine play an important role during the post activated

process. Figure 2 is the XRD patterns of polycrystalline

CdTe films prepared by RF magnetron sputtering. The

thickness of the films was about 2.9 lm. Peak (111), (311),

(422) and (511), all of which indicates CdTe cubic phase,

are also clearly manifested. In addition, intensity of all

peaks increase as temperature grows, also indicating CdTe

films could have better polycrystalline with activation

temperature increasing.

From the comparison between CdTe films prepared by

these two different methods, it could be confirmed that an

appropriate activation temperature of CdCl2 from 340 to

380 �C could improve the regularity of CdTe crystal

Fig. 1 XRD patterns of polycrystalline CdTe films prepared by close

spaced sublimation method before and after CdCl2 activated at

different temperatures: (a) As-deposited; (b) Activated at 340 �C;

(c) Activated at 380 �C; (d) Activated at 420 �C

Fig. 2 XRD patterns of polycrystalline CdTe films prepared by RF

magnetron sputtering method before and after CdCl2 activated at

different temperatures: (a) As-deposited; (b) Activated at 340 �C;

(c) Activated at 380 �C; (d) Activated at 420 �C
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lattice. For activated CSS-prepared CdTe films, all peak

intensity declines remarkably when activation temperature

over 420 �C. In comparison, the intensity of XRD peaks for

sputtered CdTe films continue increase after activated

temperature reaching 420 �C. Moreover, there is no (400)

diffraction peak on Fig. 2, and the (422) peak has a more

preferential orientation than (511) peak after CdCl2 acti-

vation for sputtering-prepared CdTe films; while these two

peaks almost have the same intensity for CSS-prepared

CdTe films.

The micrographs of CSS-prepared CdTe films activated

at different temperatures are shown in Fig. 3, where crys-

tallites grow bigger and the as-deposited CdTe film present

better crystalline after being activated at a temperature

from 340 to 380 �C. While the crystallinity and the profile

of grain deteriorated when temperature reach 420 �C, it is

consistent with XRD results. Fig. 4 is the SEM image of

CdTe films prepared by RF magnetron sputtering and have

been activated at different temperatures. Microstructure

characteristics can hardly be indicated for samples without

CdCl2 activation, while the profile of grain is clearly

revealed by increasing activation temperature.

After activation, some dark color materials are found on

the surface of CdTe film prepared by both approaches,

which gradually decreased with activation temperature

increasing. Such materials could be oxides and oxychlo-

rides residue since CdTe films activated by CdCl2 in O2

atmosphere is very likely to have Cl residue containing Cd,

Te, Cl, and O at surface [10]. From Figs. 3 and 4, it is easy

to find that CSS-prepared CdTe films have larger grain size

than CdTe films deposited by sputtering; one possible

reason is CSS method has higher deposited temperature

than sputtering.

3.2 Optical properties

Figures 5 and 6 are optical transmission spectra of CdTe

films activated at different temperatures. The absorption

edges of all samples are around 800 nm. Transmission of

CdTe films decreased with activation temperature increas-

ing, indicating that films activated at high temperatures can

absorb more light. For CSS-prepared samples, the effect of

activation on absorption is not remarkable; while a signifi-

cant decease could be found for sputtering-prepared sam-

ples. This result substantiates that activation process could

improve crystal quality of CdTe films notably. Considering

two type films have similar thickness, we found CSS-pre-

pared CdTe films have higher absorbance than CdTe films

deposited by sputtering.

Fig. 3 SEM images of CdTe films prepared by close spaced sublimation method activated at different temperatures: a As-deposited; b Activated

at 340 �C; c Activated at 380 �C; d Activated at 420 �C
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The optical band gap of different CdTe films in Table 1

are determined by Tauc’s plots using the data of reflectance

and transmittance spectra [11]. The band gap (Eg) values

can be calculated by plotting (ahm)2 versus hm of the graph.

The band gap values extracted from these plots are

in the range of 1.44–1.51 eV, it is correspond to CdTe

band gap [1].

ahv ¼ Aðhv� EgÞn=2;Tauc’s equation; a ¼ 1

d
ln

1� R

T

� �

ð1Þ

Here ‘A’ is a constant, ‘a’ is the absorption coefficient,

‘d’ is the thickness of the films, ‘R’ is the reflectance of the

Fig. 4 SEM images of CdTe films prepared by RF magnetron sputtering method activated at different temperatures: a As-deposited; b Activated

at 340 �C; c Activated at 380 �C; d Activated at 420 �C

Fig. 5 Optical transmission spectra of CdTe films prepared by CSS

method activated at different temperatures: (a) As-deposited; (b) Acti-

vated at 340 �C; (c) Activated at 380 �C; (d) Activated at 420 �C

Fig. 6 Optical transmission spectra of CdTe films prepared by RF

magnetron sputtering method activated at different temperatures:

(a) As-deposited; (b) Activated at 340 �C; (c) Activated at 380 �C;

(d) Activated at 420 �C
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films, ‘T’ is the transmittance of the films, ‘hm’ is the photo

energy, Eg is the optical band gaps of CdTe films. For

direct band gap transition ‘n’ is 1, while for indirect band

gap transition ‘n’ is 2.

3.3 Performance of solar cells

Figure 7a, b show the current density versus voltage

(J–V) characteristic of CdS/CdTe solar cells activated at

380 �C. The performance of both two type solar cells are

shown in Table 2. The photovoltaic performance of the

solar cells based on CSS-prepared CdTe films is better than

sputtering-prepared CdTe films, mainly because CSS

method could obtain CdTe films with larger grain size and

better crystalline than sputtering. In this study, the effi-

ciency of two type solar cells was lower than highest

efficiency that has been reported. This could be caused by

the absence of Nitric acid Phosphate etching (NP etching)

during the preparing. NP etching will remove CdCl2 resi-

due as well as some CdTe from the substrates and therefore

help to form a better ohmic contact for CdTe. Another

possible cause is Cu/Au back electrodes were not opti-

mized. The content of Cu in back electrodes often affects

the performance of solar cells notably [12, 13]. During post

treatments, Cu may diffuse at different interfaces within

CdTe cells. For this reason, if the thickness of evaporated

Cu films is too thick, the diffusion of Cu atoms from the

back electrodes into CdTe films may result in a large

number of defects cross the junction, and makes CdTe solar

cells not stable [14].

4 Conclusion

We investigated the characteristics of CdCl2 heat treatment

on CdTe films prepared by RF magnetron sputtering and

CSS. CdTe films obtained in both methods have a preferred

orientation of (111) plane. All films presented better

crystalline after a CdCl2 activation conducted at a tem-

perature varying from 340 to 380 �C. Compared with CSS

method XRD spectra, there is no (400) diffraction peak in

sputtering method XRD spectra. SEM suggests CSS could

prepare CdTe films with larger crystal grains than sputtering.

The transmission of CSS-prepared films is apparently lower

than sputtering-prepared films. The transmission of both

types of CdTe films decreased with activation temperatures

increasing. For sputtering-prepared films, there is a signifi-

cant decrease of transmission, indicating that activation

condition has great influence on recrystallization. The CdTe

Table 1 Optical band gap of CSS-prepared CdTe and Sputtering-prepared CdTe films

Sample name As-deposited

(eV)

340 �C activated

(eV)

380 �C activated

(eV)

420 �C activated

(eV)

CSS-prepared 1.51 1.51 1.50 1.49

Sputtering-prepared 1.47 1.50 1.45 1.44

(a)

(b)

Fig. 7 J–V characteristics of CdS/CdTe solar cells with different

CdTe films: a CSS-prepared CdTe films activated at 380 �C;

b Sputtering-prepared CdTe films activated at 380 �C

Table 2 Performance of CdS/CdTe solar cells with different CdTe

films

Sample name Voc

(mV)

Jsc

(mA/cm2)

Fill factor

(%)

Efficiency

(%)

CSS-prepared 683.8 20.1 52.7 7.3

Sputtering-

prepared

729.5 7.4 47.5 2.6
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solar cells based on CSS manifests better photovoltaic per-

formance than sputtering-prepared films.
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