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A B S T R A C T   

In this work, cadmium telluride (CdTe) thin films were doped with Sn using a low-cost co-sublimation technique 
by a homemade close-spaced sublimation (CSS) system. Sn amount was calculated to obtain CdTe film doped 
with a percentage content lower than 0.4 at%. Chemical, structural, morphological, and optical properties of the 
as-deposited CdTe (u-CdTe) and Sn-doped CdTe (t-CdTe) films were measured and compared. Raman and XPS 
characterization showed the presence of Sn in t-CdTe thin films and XRD analysis revealed a strong signal related 
to CdTe planes (220) and (311) and in a lesser extent a signal related to SnTe. Irregular shaped grains with 
similar size related to Sn incorporation in the films were found with FE-SEM technique. Photoluminescence 
spectrum indicates an energy band at 0.7 eV, generating a band inside of CdTe bandgap, due to defects induced 
by the Sn in CdTe lattice, matching with a theoretical study. The changes observed in Sn doped CdTe film suggest 
that it can be used for optoelectronics applications.   

1. Introduction 

CdTe is a material with a high absorption coefficient, which can be 
used for different technological applications such as solar cells and de-
tectors. Depending on the application it is desirable to dope the CdTe, in 
order to change its properties. However, it has been a hard work due to 
its native defects, for instance, the Cd vacancy (VCd), Te antisite (TeCd), 
and Te interstitial (Tei) [1,2]. CdTe doping has been performed using 
different elements such as Sb [3], P [4], O [5], Bi [6], Cu [7], As [8], etc. 
Among these materials, Sn can occupy the Cd position in CdTe lattice 
inducing an isolate intermediate band (IB) close to the midgap [9,10]. 
This consideration makes Sn a promising doping material for interme-
diate band solar cells applications because it could allow a photoexci-
tation process in two steps i.e. from valence band (VB) to the conduction 
band (CB) and VB → IB → CB [11]. 

Inducing an IB into a semiconductor allows electron transitions in 
and out of the IB. However, it could act as recombination centers (deep 
energy traps) [12,13], for this reason, the IB potential depends on the 

photogeneration-recombination probability [14]. Luque et al. [15], 
compared the non-radiative recombination rates of intermediate band 
versus isolated deep levels. They mention that it is possible to suppress 
the recombination mechanism by increasing the density of impurities to 
avoid strong localized charge variations, inducing only a level of 
sub-bandgap optical absorption. However, for CdTe, non-radiative 
recombination always is present and only it can be reduced. To ach-
ieve an IB, it is necessary careful doping control. In fact, there is a 
minimum and maximum doping level required to create the IB. Low 
doping concentrations generate radiative and non-radiative recombi-
nation centers, which can contribute to losses in photogenerated cur-
rent. On the other hand, high doping concentrations can be distributed 
in CdTe grain boundaries or forming agglomerations, compensating the 
doping effect induce carriers degradation [6,16]. 

The CdTe doping has been done mainly using high precision and 
expensive techniques such as the Bridgman method and molecular beam 
epitaxy [6,17–19]. In Bridgman technique, Cd and Te are placed in 
quartz ampoule, adding the dopant directly to the CdTe powder or with 
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a previous mixing process, thus, the dopant atoms are randomly posi-
tioned. For this reason, it is necessary to add small quantities of Sn in the 
CdTe, in this way, the Sn should be positioned with VCd defect creating 
the substitutional Sn impurity (SnCd). In this work, we design a low-cost 
close-spaced sublimation (CSS) system with the purpose of dope CdTe 
with Sn and induce an intermediate band. The thin films of Sn-doped 
CdTe were characterized focusing on the chemical, structural, 
morphological, and optical properties. 

2. Experimental 

2.1. Thin film deposition 

A homemade CSS system was developed to incorporate Sn in CdTe 
film. The deposition system consists of three graphite parts which are Sn 
dopant crucible, CdTe source container, and substrate holder. The CdTe 
source container has a perforation in the middle to let pass the Sn from 
the dopant crucible to the substrate holder. In order to avoid heat 
transfer from the CdTe source container to the Sn dopant crucible, 
ceramic spacers were placed between them. The heat source for the CSS 
system is composed of halogen lamps as indicated in Fig. 1. The tem-
perature of the CdTe source, the Sn dopant crucible, and the substrate 
holder was measured with K-type thermocouples placed inside each 
graphite achieving in this way accurate temperature measurements. 

In order to determine the amount of Sn necessary to dope CdTe, this 
work was based on the theoretical study of Flores et al. [9], were 0.4 at% 
of Sn was considered to induce an IB. Here, SnCl2 pellets were used as a 
source of Sn. The amount of SnCl2 was optimized to obtain a range of 
0.2–0.4 at% of Sn in the thin film. Hence, the pellet preparation con-
sisted of milling 0.13 g of SnCl2 in an agate mortar until a fine powder 
was obtained. After, the powder was inserted in a pellet die and pressed 
with 5 Ton, until a solid piece was obtained. The pellet of SnCl2 was 
placed in the center of the dopant crucible as is showed in Fig. 1. 

The low sublimation temperature of SnCl2 allows its incorporation in 
the CdTe film by CSS. The vapor pressure data for SnCl2 can be obtained 
from thermodynamics tables [20], however, the work pressure of sub-
limation deposition of CdTe (0.5 mbar) is not present in the tables. 
Nevertheless, the sublimation temperature can be estimated from the 
Clausius-Clapeyron equation: 

lnðP =P0 Þ¼ �
�
ΔHvap

��
R ð1 =T � 1 =T0 Þ;

setting P0 and T0 as known values from the thermodynamic table, P is 
the work pressure and its corresponding temperature T, ΔHvap and R are 
the enthalpy of vaporization and gas constant, respectively. As a result, 
the sublimation temperature of SnCl2 is ~290 �C. 

Both undoped CdTe (u-CdTe) and tin-doped CdTe (t-CdTe) were 
deposited on soda-lime glass previously cleaned with neutral detergent 
solution in an ultrasonic bath, rinsed with de-ionized water and dried 
with air. The vacuum chamber was air evacuated to a base pressure of 
1.3 � 10-5 mbar. Then, Ar was introduced into the chamber setting 

pressure of 0.5 mbar in dynamic vacuum. The CdTe source temperature 
was gradually increased to 550 �C, according to ramp showed in Fig. 2, 
once this value was reached, the CdTe sublimation started. After 6 min, 
SnCl2 sublimation begins to incorporate Sn into the middle of the CdTe 
film. Doping was previously optimized to promote Sn diffusion through 
the film. The total sublimation time was 12 min, then, the process was 
quickly stopped by introducing Ar at 5.3 mbar pressure. 

2.2. Characterization techniques 

Raman spectra were carried out with a WITec Raman confocal 
coupled with AFM with the excitation wavelength of 488 nm, measuring 
a line scan in z-axes direction from (x, y, 0) to (x, y, -3.5) (in μm). The 
crystalline structure was identified by X-ray diffraction (Siemens D5000 
diffractometer) using a Cu Kα radiation (λ ¼ 1.5405 Å) beam. The 
measurements were recorded in a 2θ diffraction angle ranging from 20�

to 80� in steps of 0.02�. Composition of t-CdTe was measured by XPS 
analysis in a K-Alpha equipment by Thermo Fischer Scientific with an Al 
X-ray source; spectra were calibrated by using the C1s emission at 
284.6 eV. The surface and cross-sectional morphology were analyzed by 
a Jeol 7600F FE-SEM in LEI mode, with an energy of 5 kV. The photo-
luminescence spectra were carried out using an Acton monochromator 
with InGaAs infrared detector. The samples were analyzed at low tem-
perature (21 K) and the 488 nm line of Ar laser was used as excitation 
source. 

3. Results and discussion 

3.1. Structural properties 

In order to observe Sn sublimation, a SnCl2 pellet was sublimated on 
a glass substrate. XRD confirmed the alpha-tin phase in the substrate 
(not shown here for brevity). The SnCl2 dissociates into its elements, 
SnCl2(s)→Sn(g)þCl2↑(g). Once the Cl2 is formed, it is evacuated due to 
dynamic vacuum in the sublimation process, leaving the tin, which is 
incorporated in the CdTe lattice. 

Raman depth profile was carried out to determine t-CdTe film 
composition. Fig. 3a shows the Raman depth profile through the t- CdTe 
film, showing that CdTe peak is weak and wider at the film surface (red 
line) due to surface contamination and unfocused Raman laser. The 
CdTe and Te peaks become more intense as the “Z scan” move depth into 
the sample. At ~2.5 μm depth, the mean peak (121 cm-1) belonging to 
A1(Te) symmetry, shifts downwards. Using the equation of the classical 
vibration model [21], ν∝ðk0=μÞ1=2, where ν is the vibrational frequency, 
k0 is the bond force constant and μ is the reduced mass, it can be deduced 
that if Sn substitutes Cd, the reduced mass increases because Sn is a 
heavier atom (i.e. μCd < μSn), therefore ν value decrease, resulting in 
Raman peak shift to lower frequency, which is clearly observed. 

Fig. 1. Schematic view of the close-spaced sublimation system.  Fig. 2. Temperature ramp of t-CdTe deposition.  
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Fig. 3b shows the Raman spectra of the CdTe powder (Sigma-Aldrich 
99.99%), u-CdTe, and t-CdTe. The dashed lines indicate the character-
istic peak positions of the CdTe and Te in Raman spectra. In t-CdTe 
sample appear peaks corresponding to the Transverse Optical (TO) 
phonon of elemental Te identified at Raman shift wavenumber 89 and 
96 cm-1 [22]. Also, u-CdTe presents both elemental Te peaks, it is due to 
the formation of microcrystals of Te into CdTe during the deposition 
process according to Ref. [23]. On the other hand, CdTe powder shows 
only the peak at 89 cm-1. As it was previously described, the peak cor-
responding to A1(Te) shifted to the left in the t-CdTe sample. The 
characteristic peaks at 138 and 160 cm-1 correspond to the TO(CdTe) 
and the LO(CdTe) [24,25], respectively. The molecular representations 
in the insets in Fig. 3 show the possible arrangement of u-CdTe and 
t-CdTe. As can be seen, the interchange between atoms generates 
changes in the vibration modes detected by Raman spectroscopy [26]. 

In this work, Bragg-Brentano configuration was used to perform XRD 
measurements with the purpose of obtaining CdTe bulk information, 
which is more useful in this case [27]. Fig. 4 shows the XRD patterns of 
t-CdTe and u-CdTe with the main peaks corresponding to (220), (311) 
and (111) planes according to JCPDS card 15–0770 for both samples. 
The inset shows a zoom in the region corresponding to SnTe peaks 
(20�–50�). In the zoom of the XRD patterns, it can be observed small 
peaks corresponding to (220) and (200) planes of the SnTe according to 
the JCPDS card 46–1210 for t-CdTe sample. 

Fig. 5 shows survey XPS spectra scan of t-CdTe and the inset shows 
low-intensity peak deconvolution of Sn (3d3/2 and 3d5/2). The relative 
wide FWHM shows the presence of both peaks with Sn2þ and Sn4þ

states. The concentration of Sn on CdTe film surface was 0.4 at.% 

measured with XPS. After 30, 60, 500 and 1500 s of erosion, the Sn 
concentration drops to 0.2 at%. As can be seen in Table 1, the sample has 
more tin content at the surface probably due to the resublimation, 
however, the concentration of Sn remains through the sample. Also, it 
was found oxygen and carbon probably due to the presence of CO2, after 
being exposed to the environment. The SnCl2 co-sublimation allows the 
introduction of Sn into the CdTe lattice inducing the formation of 
different defects, such the Sn interstitial (Sni), Sn in the position of Cd 
(SnCd), and Sn in the position of Te (SnTe). In addition, XPS measure-
ments indicate that the atomic percentage of Cd is greater than Te, both 
in u-CdS as t-CdTe, making a CdTe with Cd-rich conditions. In both 

Fig. 3. a) Raman depth profile of t-CdTe (inset is CdTe representation with Sn in the position of Cd), b) comparison between u-CdTe, t-CdTe and CdTe powder (inset 
shows the CdTe bonds). 

Fig. 4. XRD patterns of t-CdTe. The inset shows the zoom to see the SnTe peaks.  

Fig. 5. XPS spectra of survey of t-CdTe. The inset shows the deconvolution of 
Sn3d3/2 and Sn3d5/2 core level for high-resolution XPS. 

Table 1 
Atomic percentage of the t-CdTe film superficially, with 30, 60, 500, and 1500 s 
of erosion.  

Element Atomic % 

Surface 30 s 
erosion 

60 s 
erosion 

500 s 
erosion 

1500 s 
erosion 

Cd 3d 19.02 44.97 46.58 47.70 49.08 
Te 3d 16.49 42.42 45.23 46.73 47.95 
Sn 3d 0.39 0.22 0.23 0.25 0.26 
C 1s 41.42 5.28 3.41 2.40 1.65 
O 1s 21.37 6.63 4.48 2.87 1.00 
Cl 2p 1.31 0.48 0.07 0.05 0.06  
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samples are expected a high resistance since they are grown in oxygen 
absence [28] and the deviation from stoichiometry in Cd–Te ratio [29]. 
According to the calculations in Refs. [7,30], the formation energy for 
CdTe with Cd-rich conditions, the most probable defects are Sni and 
SnCd. This implies that Sn is bonding with Te, in line with the XRD and 
Raman results. 

3.2. Morphological results 

Fig. 6 shows the top view FE-SEM micrographs of u-CdTe (a) and t- 
CdTe (b). The u-CdTe sample has irregular granular structures with big 
grains (inset), homogeneous surface, and without cracks or pinholes, 
while the t-CdTe sample presents smaller grains (inset), with homoge-
neous surface and small voids. The cross-section micrographs (Fig. 6c 
and d) demonstrate a morphological change between u-CdTe and t-CdTe 
during the crystal growth. A reduction of grain size is observed when 
CdTe is co-sublimated with Sn, which is probably due to nucleation of 
CdTe interacting with the Sn, as it was similarly observed in Ref. [31]. It 
should be noted that in u-CdTe, grains seem compact, that is without 
voids and stacking faults, but when Sn is added, it is formed an un-
compensated material where voids appear in the film principally due to 
the stress caused during the grains growth and the non-homogeneity 
nucleation in the glass. The thickness of both samples was approxi-
mately 3.5 μm. 

3.3. Optical properties 

In order to examine the energy states inside of CdTe bandgap, pho-
toluminescence (PL) analysis was performed, as shown in Fig. 7a. Ac-
cording to PL results, u-CdTe presented an asymmetric peak which can 
be deconvoluted in two bands at 0.714 and 0.733 eV, it could be due to 
the antisite defect TeCd [2,32]. For t-CdTe, an intense band was observed 
at 0.707 eV and a lower intensity peak at 0.789 eV. The theoretical 
calculation reported in Ref. [9] indicates that the IB in the Sn-doped 
CdTe is present in the middle of the bandgap and Sn 5s orbital is the 
main contribution. The band obtained in this work for t-CdTe film at 
0.707 eV, suggests that the transition occurs from IB to VB and it can be 
explained by the electron transition as shown in the inset of Fig. 7 a. 

XPS deconvolution indicates the presence of Sn2þ and Sn4þ which 
agrees with the k-resolved total density of states in Ref. [9]. When Sn is 
bonded with Te, it is generated a delocalization of 5s orbital which 
origin the IB since the 5s orbitals become in extended states and they are 
hybridized with Te 5p orbitals, for this reason, is obtained the Sn4þwith 
a higher proportion in XPS. Additionally, Fig. 7b shows the imaginary 
part of the dielectric function calculated using a 3 � 3 � 3 CdTe supercell 
using a single Sn atom impurity in Cd position. The dielectric function 
was computed within the GW-RPA approximation, i.e., without exciton 
effects, using a 6 � 6 � 6 k-point mesh displaced by (0.11,0.12,0.13) in 
reciprocal coordinates. Other parameters are the same as Ref. [9]. While 
this calculation is not completely converged with respect to the number 
of k-points, it allows clarifying the origin of the observed PL peaks. 

In Fig. 7b, the black line represents the case of empty IB, where the 
transitions VB → IB cause the peak at 0.7 eV which is completely 
consistent whit the PL result. The red line represents the case with the IB 
fully-occupied, where VB → IB transitions are forbidden by the Pauli 
exclusion principle, but IB → CB transitions are possible. However, the 
IB → CB transitions do not show up in the computed spectrum, because 
they are forbidden by symmetry. This can be understood with the help of 
the k-resolved density of states (Fig. 3 of Ref. [9]), which shows that the 
IB and CB have nearly the same dispersion near the Γ point, and both are 
projected on cation 5s orbitals. The computed imaginary part of the 
dielectric function is proportional to the absorption coefficient σðℏωÞ, 
which in turn is related to the PL intensity by Ref. [33]: 

IðℏωÞ¼ n2ðℏωÞ2

π2ℏ3c2
σðℏωÞfuð1 � flÞ;

where fl and fu are the occupations of the lower and upper bands, 
respectively, participating in absorption and PL. This suggests that the 
predominant transition observed in PL is IB → VB. With these localized 
states in the middle of CdTe bandgap, it is possible to obtain three 
different photon absorption stages, VB → CB, VB → IB, and IB → CB, 
matching with the theoretical results. 

Fig. 6. FE-SEM micrographs: surface of a) u-CdTe and b) t-CdTe; c) and d) show the cross-section of u-CdTe and t-CdTe, respectively.  
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4. Conclusions 

The presence of tin was confirmed by Raman, XPS, and XRD tech-
niques, concluding that the doping of CdTe was successfully achieved, 
showing that it is possible to dope the CdTe with a low-cost technique as 
CSS. XRD pattern revealed the presence of SnTe in the t-CdTe sample 
with small peaks corresponding to (220) and (200) planes, without 
change the CdTe phase. Additionally, FE-SEM images revealed changes 
in grain size after Sn incorporation in the CdTe films. Voids were also 
found, presumably due to stress during the CdTe crystal growth. XPS 
technique shows the presence of Sn2þ and Sn4þ, being the tin atomic 
percentage equal to 0.4 at % at the surface, which drops to 0.2 at.% after 
erosion. The PL spectrum confirmed the theoretical prediction of a band 
in the middle of the CdTe bandgap, showing a strong emission line at 
0.707 eV. This state could induce sub-bandgap optical absorption 
reducing the recombination mechanisms. Further investigations can be 
applied to this material for applications in detectors or solar cells. 
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