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(CdTe)1-xAlx films produced by RF co-sputtering employing CdTe and aluminum targets 

 
M. Mejía-Morales, L. Vega-Cano, L. Sanchez-Garcia, R. Kitl-Hernandez, J.A Melchor-Robles, C. Torres-Frausto, 

A. Guillen-Cervantes, S.A. Tomás, M. Melendez-Lira 
 

(CdTe)1-xAlx films, with 0.01 ≤ x ≤ 0.08, were deposited on soda lime glass and p-type Si(111) substrates by RF  

co-sputtering using CdTe and aluminum targets. The aluminum content (x) in the films was controlled by the sputtering 

power applied to the aluminum target, reaching up to x = 0.08 using 100 W. On the other hand, the maximum bandgap 

value of 1.59 eV was obtained for x = 0.07 deposited employing 80 W. X-ray diffraction patterns suggest that the solubility 

limit of aluminum in the CdTe lattice is close to x = 0.08. X-ray photoelectron spectroscopy (XPS) analysis suggests a 

pseudo-alloy-like behavior in the (CdTe)1-xAlx system, as evidenced by the presence of a Te–Al contribution. Optical 

constants of the (CdTe)1-xAlx films were obtained from the analysis of transmission spectra and were found to be 

systematically lower than those of bulk CdTe.  Electrical measurements for (CdTe)1-xAlx films deposited on p-type Si(111) 

substrates exhibited rectifying current–voltage (I-V) behavior. Furthermore, the measured photoresponse suggests that 

(CdTe)1-xAlₓ films exhibit an optoelectronic activity worth to pursue their study to evaluate practical applications. 

 

Introduction 

 

CdTe is a direct bandgap semiconductor with properties 

well-suited for solar cell applications. Among these are its 

direct bandgap of approximately 1.5 eV, close to the peak of 

the solar spectrum at the Earth’s surface, and its high optical 

absorption coefficient. Extensive research on this material 

has led to significant technological advancements, enabling 

the development of reliable commercial photovoltaic 

modules. However, the theoretical efficiency limit of CdTe-

based solar cells has not yet been fully achieved and remains 

an active area of investigation [1]. 

Group III elements can be used not only to control the 

conductivity of CdTe through doping, but also to modify its 

electronic properties, such as the bandgap, by forming 

pseudo-alloys. This opens the possibility of enhancing the 

efficiency of CdTe-based solar cells [2,3]. Aluminum, in 

particular, is an abundant and widely available element 

capable of modifying CdTe conductivity via doping. 

However, the formation of pseudo-alloys between CdTe and 

aluminum is also worth investigating to modulate key 

electronic properties. Al2Te3 and CdAl2Te4 are defect 

chalcopyrite semiconductors. Al2Te3 has an experimental 

bandgap of approximately 2.50 eV, while CdAl2Te4 has a 

reported theoretical bandgap of 2.53 eV [4,5]. In the 

synthesis of (CdTe)1-xAlₓ pseudo-alloys, CdTe and CdAl2Te4 

may be considered as extreme compositions of the system. 

Due to their bandgap values, the semiconductors Al2Te3 

and CdAl2Te4 show potential for photovoltaic applications, 

particularly as window layers in CdTe-based solar cells. 

Al2Te3, due to its high thermal stability, has also been used 

in phase-change memory devices and as a solar absorber 

material [5,6]. Furthermore, the characteristics of the Al-Te 

bond have increasingly attracted interest in two-dimensional 

Al2Te3 structures for thermoelectric applications [7]. 

The synthesis of (CdTe)1-xAlₓ thin films has been 

previously achieved using techniques such as co-sputtering 

and closed space vapor transport (CSVT) [8-10]. These 

studies report that incorporating aluminum into the CdTe 

lattice leads to an increase in the optical bandgap and a 

corresponding decrease in the lattice parameter. This 

behavior is consistent with the smaller ionic radius of Al3+ 

compared to Cd2+ [11], which causes lattice contraction and 

modifies the electronic band structure. These changes 

suggest that controlled aluminum incorporation can be an 

effective strategy to tailor the structural and optical 

properties of CdTe-based materials for photovoltaic and 

optoelectronic applications.  

In this work, we report the structural, chemical, electronic, 

and electrical characterization of (CdTe)1-xAlₓ thin films 

produced by RF co-sputtering and deposited on soda lime 

glass and p-type Si(111) substrates. The aluminum content 

in the films was modulated by varying the RF power applied 

to the aluminum target, the power applied to the CdTe target 

was kept constant; this approach allowed to change the 

aluminum content in the (CdTe)1-xAlₓ thin films. The 

incorporation process of aluminum is self-regulated by 

plasma interactions during sputtering, and no evidence of 

aluminum clustering was observed. The bandgap   and 

optical constants of the (CdTe)1-xAlₓ thin films show a 

dependence with aluminum content. 

 

Experimental methods 

 

(CdTe)1-xAlx films were deposited by RF co-sputtering 

using  an  aluminum  target  (99.99%  purity,  Plasmaterials)  
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and a cold-pressed CdTe target prepared from CdTe powder 

(99.99% purity, Sigma-Aldrich). The sputtering chamber 

was evacuated to a base pressure of 1 ×10-6 Torr prior to 

deposition. Ultra-high purity (UHP) argon was used as 

working gas, and the working pressure was maintained at  

3 ×10-2 Torr throughout the deposition process. 

The films were deposited on soda-lime glass and p-type 

Si(111) substrates at a temperature of 200 °C for 60 minutes. 

Details of the substrate cleaning procedure are provided in 

the supplementary material. The aluminum content in the 

(CdTe)1-xAlx films was controlled by varying the RF power 

applied to the aluminum target from 20 to 100 W in 20 W 

increments. A 2.54 cm diameter circular aluminum target 

was used. RF power applied to the CdTe target, which had a 

2 inch diameter, was kept constant at 100 W. A target-to-

substrate distance of 8 cm was maintained for both targets. 

The samples were labeled as CTA0G(S), CTA20G(S), 

CTA40G(S), CTA60G(S), CTA80G(S), and CTA100G(S), 

where G and S denote glass and Si substrates, respectively. 

No post-deposition thermal treatment was applied to the 

films. 

The samples were characterized to evaluate their structural, 

chemical, optical, and electrical properties. X-ray diffraction 

(XRD) measurements were carried out using a Siemens 

D5000 diffractometer with Cu Kα radiation (λ = 0.1542 nm), 

operated at 35 kV and 25 mA, with diffraction patterns 

recorded in the 2θ range from 20° to 50° using a step size of 

0.02° and a scanning rate of 1° per minute. Surface 

morphology was analyzed using field emission Scanning 

Electron Microscopy (SEM) on a JEOL JSM-7401F system. 

For chemical bonding information and higher resolution in 

elemental content, XPS was carried out using a Thermo 

Scientific K-Alpha system equipped with a monochromatic 

Al Kα source (hν = 1486.6 eV). Survey and high-resolution 

spectra were acquired with pass energies of 200 and 20 eV, 

respectively. Charge neutralization was applied using a dual-

beam system, and binding energies were referenced to the 

adventitious C 1s peak at 284.8 eV. Surface cleaning was 

performed by Ar+ sputtering for 180 s at 500 eV to reduce  
 

 
Figure 1. X-ray diffractograms of (CdTe)1-xAlx thin films. Squares, 

hexagons, and stars indicate diffraction peaks corresponding to cubic CdTe, 

hexagonal CdTe, and CdAl2Te4 phases, respectively. 

surface oxidation. Prior to analysis, the samples were 

introduced into a load-lock chamber and transferred into the 

analysis chamber under ultrahigh vacuum conditions, with a 

base pressure maintained at approximately 8 ×10-6 Torr to 

ensure surface cleanliness and minimize contamination 

during measurement. Optical properties were investigated at 

room temperature by UV–Vis spectroscopy using a 

PerkinElmer spectrophotometer. To evaluate the electrical 

behavior, silver paste contacts were applied to samples 

deposited on p-type Si(111) substrates. Current-Voltage (I–

V) characteristics were measured using a National 

Instruments NPXI-1033 data acquisition system. The 

photoresponse of the films was measured using a custom-

built setup based on a lock-in amplifier, employing a 

tungsten-halogen light source and a monochromator with a 

focal length of 27.5 cm. 

 

Results and discussion 

 

Figure 1 shows the normalized XRD corresponding to the 

whole set of samples deposited on Si(111) substrate. It is a 

well-known fact that CdTe films present an excess of 

tellurium, so the incorporation of aluminum could promote 

the formation Al2Te3, Al7Te10, and CdAl2Te4 [12]; reported 

crystal data of those compounds are not found in the 

measured diffractograms except for a peak at 25.5 close to 

the reported (112) diffraction peak of CdAl2Te4 [13,14], 

[15]. In Figure 1, star symbols correspond to the strongest 

diffraction peak reported for CdAl2Te4. The presence of 

CdAl2Te4 is ruled out because the (112) diffraction peak 

would be the unique diffraction peak observed, and it 

coincides with the (101) diffraction peak of the CdTe 

hexagonal phase reported at 25.3. Diffractogram peak 

positions show a mixture of cubic and hexagonal CdTe 

phases up to CTA60S and mostly cubic CdTe for CTA80S 

and CTA100S. Squares and hexagons indicate the positions 

of the diffraction peaks for the cubic and hexagonal crystal 

phases of CdTe [16]. It is worth mentioning there is no 

presence of diffraction peaks associated to elemental 

aluminum except for sample CTA100S in which a possible, 

even very broad and low contribution is observed. 

The crystallite size was determined using Scherrer’s 

formula using information from the peak around 24 degrees. 

Crystallite sizes are reported in Table 1, obtained values are 

around 15 nm.  The results indicate that aluminum content, 

up to the reported levels, does not affect the crystallographic 

structure of CdTe but promotes preferential crystal growth.  

It must be noted that for sample CTA100S with x =0.08,  

deposited employing 100 W,  aluminum could be near of its 

saturation limit in CdTe as indicated by the presence of a 

broad and low intensity signal close to the (111) and (200) 

planes of aluminum reported at 38.4 and 44.7 (Figure S1, 

supplementary) [17]. 

Figure 2 shows representative micrographs of the samples 

deposited on Si(111), those deposited on glass exhibited 

similar characteristics. It is observed that there is a change in 

surface morphology as grain size increases with aluminum 

content  of  (CdTe)1-xAlx  films.  Figure 2a  (CTA0S)  shows 
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Table 1. Structural parameters of (CdTe)1-xAlx thin films obtained from XRD analysis. 

Sample 2θ (°) FWHM (°) 
Crystallite size, D± 2 

(nm) 

Interplanar 

spacing, d (nm) 

Lattice parameter 

(nm) 

CTA20S 23.79 0.8898 9 nm 0.3736 0.6471 

CTA40S 23.93 0.5540 15 nm 0.3714 0.6433 

CTA60S 23.90 0.5601 15 nm 0.3719 0.6442 

CTA80S 23.85 0.5950 16 nm 0.3726 0.6454 

CTA100S 23.97 0.5190 16 nm 0.3708 0.6422 

 

small features without defined characteristics, while Figure 

2b (CTA20S) shows steeples with a size of around 100 nm. 

For samples CTA40S (Figure 2c) and CTA60S (Figure 2d), 

as the aluminum content increases, triangular features are 

well defined. Finally, samples with higher aluminum content 

showed clusters larger than 100 nm, formed by the 

coalescence of crystal domains into spherical features, as 

observed for CTA80S (Figure 2e) and CTA100S (Figure 2f). 

The characteristics of the diffraction patterns are consistent 

with the grain size observed in SEM micrographs. Samples 

with low aluminum content, which exhibit smaller grain 

sizes, show broader diffraction peaks. XRD analysis 

indicates crystallite sizes of ~15 nm, while SEM reveals 

grains larger than 100 nm, suggesting that smaller crystallites 

aggregate to form larger grain structures. 

XPS was employed to analyze the surface composition and 

chemical bonding of the films. Figure 3 shows high-

resolution Te 3d core-level spectra for samples deposited on 

Si(111) substrates. The spectra were recorded after argon ion 

sputtering (180 seconds) to reduce the contribution from 

surface oxidation. The experimental data were fitted using 

XPSPeak 4.1 software, employing a Shirley background to 

account for inelastic scattering. All spectra were referenced 

to the adventitious C 1s binding energy at 284.8 eV to correct 

for charging effects. In addition to determining the aluminum 

composition (Table 2), XPS provides insight into the 

chemical bonding between aluminum and tellurium, which 

supports the incorporation of aluminum into the CdTe crystal 

structure [18]. Determined values of aluminum content by 

XPS analysis are presented in Table 2. Aluminum content 

was found between 0.01 ≤ x ≤ 0.08, the highest aluminum 

content was obtained when applying 100 W to aluminum 

target. Notice that for sample CTA60S aluminum content 

does not follow the expected trend. A fortuitous 

experimental effect related to the deposition process was 

ruled out. This experimental fact may be associated with 

interactions between the Al and CdTe plasma, affecting the 

incorporation of Al. This aspect will be addressed in future 

work. 

A shift toward lower binding energies is observed with 

increasing aluminum content, indicating changes in the local 

chemical  environment.  As  an  initial  approach,  the  Te 3d 
 

 

Figure 2. SEM micrographs of (CdTe)1-xAlx thin films deposited on Si(111) substrates at different deposition powers: a) CTA0S (0 W), b) CTA20S (20 W), 

c) CTA40S (40 W), d) CTA60S (60 W), e) CTA80S (80 W), and f) CTA100S (100 W). 

http://creativecommons.org/licenses/by/4.0/
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Figure 3. XPS spectra of the Te 3d core-level region for (CdTe)1-xAlx films 

deposited on Si(111) substrates.  
 

core-level XPS spectra were fitted by considering only 

contributions from Te-Cd and Te-O bonds, using reported 

binding energies [19,20]. However, this model yielded a 

poor fit. A significantly improved fitting was achieved by 

including an additional component attributed to Te-Al 

bonding [21]. The binding energy of this Te-Al contribution 

was determined as a free parameter during the fitting 

process. Once incorporated, the overall fitting quality 

improved substantially. As shown in Figure 3, the intensity 

of the Te-Al peak correlates with the aluminum content in 

the films, supporting the incorporation of aluminum into the 

CdTe matrix. The binding energies obtained for the Te-Al 

contribution are in good agreement with previously reported 

values [22]. The  binding  energies  obtained  from the fitting, 
 

Table 2. Elemental composition of (CdTe)1-xAlx thin films determined by 

XPS. 

Sample 
Cd 

± 1 (at%) 

Te 

± 1 (at%) 

Al 

± 1 (at%) 

CTA0S 48 52 0 

CTA20S 47 50 3 

CTA40S 47 49 4 

CTA60S 49 50 1 

CTA80S 46 47 7 

CTA100S 45 47 8 

Table 3. Energies obtained from the fitting to the XPS spectra of Te 3d core 

level of samples reported. 

Sample 

Te3d5/2 Te3d3/2 

Te-Cd 

(eV) 

Te-Al 

(eV) 

Te-O 

(eV) 

Te-Cd 

(eV) 

Te-Al 

(eV) 

Te-O 

(eV) 

CTA20S 572.9 572.4 576.4 583.2 582.9 586.3 

CTA40S 572.8 572.4 576.4 583.2 582.7 586.7 

CTA60S 572.8 573.3 576.2 583.2 582.5 586.6 

CTA80S 572.5 572.1 576.0 582.9 582.6 586.6 

CTA100S 572.5 572.1 576.2 582.9 582.5 586.5 

 

including the Te-Al component, are presented in Table 3. 

Two lines were added as guides to the eye to highlight the 

shift of the Te 3d photoemission toward lower binding 

energies with increasing aluminum content, as observed for 

samples CTA80S and CTA100S. This shift coincides with 

the strong contribution of the Te-Al bonding feature. The 

observed shift to lower binding energies at higher aluminum 

concentrations can be attributed to the difference in 

electronegativity between tellurium (χ_Te = 2.1) and 

aluminum (χ_Al = 1.7) [23]. The formation of Te-Al bonds, 

involving a less electronegative element, alters the local 

electronic environment around Te atoms, leading to the 

reduced binding energy. These results suggest incorporation 

of Al into the CdTe matrix, possibly involving Te–Al 

bonding configurations. 

High-quality silicon is easily available and has a dominant 

role in device production. Therefore, it is a first choice to be 

employed as a substrate to evaluate the optoelectronic 

potential of the (CdTe)1-xAlx films. As a precedent it should 

be mentioned that the  growth of CdTe on Si has been carried 

out by deposition techniques as molecular beam epitaxy or  

metal organic vacuum phase epitaxy  mainly as a buffer layer 

for the production of high performance detectors [24,25], 

while sputtering has been proposed to fabricate CdTe/Si 

based photodetectors and as part of tandem solar cells [26-

28].  

The effect of aluminum content on the electronic properties 

of (CdTe)1-xAlx thin films is observed directly employing 

optical transmission spectroscopy. Figure 4 shows 

transmission spectra for studied samples deposited on glass 

substrates, with a vertical shift of 50 % between adjacent 

spectra. Observed oscillations, at wavelengths larger than the 

bandgap, are due to interference effects due to multiple 

internal reflections in (CdTe)1-xAlx films. The number and 

characteristics of the oscillations are determined by the 

thickness and optical constants of the films. The spectrum of 

sample CTA100G shows a lower transmission intensity in 

the region above absorption edge, transparency region, 

probably associated with scattering due to structural disorder 

associated to interstitial aluminum as commented above. In 

Figure 4, a vertical line is inserted at 826 nm (1.5 eV), as a 

guide to the eye, corresponding to the CdTe bandgap, 

making evident the bandgap blueshift of (CdTe)1-xAlx thin 

films. Notice that in the case of CTA0G film a value greater 

than   that   of   the   bulk   CdTe   is  obtained  and  could  be 

http://creativecommons.org/licenses/by/4.0/
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Figure 4. Transmission spectra of (CdTe)1-xAlx thin films deposited on 

glass substrates. The observed oscillations are due to an interference 
process associated with internal reflections. 

 

associated with quantum effects due to crystal size [29]. 

Optical constants were obtained employing PUMA, a 

computational procedure freely available to find refraction 

index and extinction coefficient by fitting transmission 

spectra taking into account the presence of glass substrate 

[30]. Figure 5 presents the refraction index and the extinction 

coefficient for each sample. Refraction index was fitted to 

Sellmeier´s model, obtained parameters are presented in 

Table 4 [31]. The obtained values are compared with those 

reported for bulk CdTe [32,33]. The effect of aluminum 

content is reflected on the optical constants of (CdTe)1-xAlx 

films, the obtained values for the refractive index are 

systematically lower than those of CdTe and for the sample 

with the highest aluminum content is well below the trend. 

The values obtained for sample CTA100G could reflect the 

limitations of the fitting method.  It just considers 

interference process due to transmission, reflection and 

absorption of light, no scattering processes are considered. 

Extinction coefficient values are also lower than those of 

CdTe which could suggest that (CdTe)1-xAlx films could be 

applied as window material in CdTe-based solar cells. 

Experimental and fitted transmission spectra for each 

sample are included in Figure S2 (Supplementary), showing 

a close agreement. The close fitting between experimental 

and calculated spectra affords confidence in the obtained 

values of the optical constants. It should be emphasized that 

    

 

Figure 5. Optical constants of (CdTe)1-xAlx thin films obtained by fitting the 

transmission spectra. (a) Refractive index and (b) extinction coefficient. 

 

these values are just a first approximation as further 

characterization of the optical constants is needed. 

Differences between thickness values obtained by 

profilometry and optical simulations are attributed to surface 

roughness and assumptions of an ideal homogeneous layer 

in the optical model. 

The bandgap of (CdTe)1-xAlx films was calculated directly 

from transmission spectra, obtaining the absorption 

coefficient using the Beer–Lambert law. As a first 

approximation, it has been considered that (CdTe)1-xAlx is a 

direct bandgap material.   The absorption coefficient of each
 

Table 4. Bandgap values obtained from transmission spectra applying the direct transitions model. Thickness measured by a KLA Tencor D-100 profilometer 

and Sellmeier´s parameters adjusted to refraction index obtained from fitting of transmission spectra by PUMA algorithm. 

Sample 
Energy 

(eV) 

Sellmeier´s Parameters 

Thickness 

PUMA algorithm KLA Tencor D-100 

A B C (nm2) d (nm) d± 25 (nm) 

CTA0G 1.56 4.00 2.63 36353 800 760 

CTA20G 1.53 5.27 1.13 469443 600 750 

CTA40G 1.54 5.16 1.42 324974 620 620 

CTA60G 1.57 4.00 2.66 210005 650 600 

CTA80G 1.59 2.66 3.15 136561 1850 1600 

CTA100G 1.50 2.00 2.19 136969 1550 1900 
 

a) 

b) 

http://creativecommons.org/licenses/by/4.0/
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film was analyzed by using the model of direct transitions 

between parabolic bands:  

(αd·hυ)2 = M 2d 2 (hυ – E0),   (1) 

where α is the absorption coefficient, h the photon energy, 

d the film thickness, M is a constant related to the transition 

matrix and E0 is the bandgap energy [34]. Figure S3 

(Supplementary) shows the bandgap fittings, obtained values 

are presented in Table 4. For CTA0G (CdTe) film, the 

obtained bandgap of 1.56 eV could be associated with 

quantum confinement as the crystallite size is around 7 nm, 

as determined by XRD analysis [29]. For (CdTe)1-xAlx films, 

the bandgap increases with aluminum content up to 

CTA80G; however, for CTA100G it decreases. This 

behavior may be associated with band tailing (Urbach tails) 

induced by structural disorder, as well as the possible 

presence of Al-related inclusions, consistent with the weak 

Al-related diffraction signal observed in the XRD pattern of 

sample CTA100S. 

To explore the potential use of (CdTe)1-xAlx films in the 

production of devices, the I vs V characteristics and spectral 

response of the samples deposited on Si were measured. 

Silver paste contacts were applied on the (CdTe)1-xAlx films 

and on the back of Si(111) substrate forming  

Ag/(CdTe)1-xAlx/Si/Ag heterostructures. Rectifying 

characteristics for the I vs V curves were obtained for all the 

samples, shown in Figure S4 (Supplementary), similar to 

those of a metal/p/p⁺/metal structure. Figure 6 presents 

representative results of the spectral response, and the inset 

shows the I vs V characteristics for sample CTA100S. I vs V 

curves under dark and illumination conditions exhibit 

rectifying behavior, under forward polarization applied to 

Si(111) substrate, consistent with a Schottky-type 

heterostructure.   It is interesting to note the huge increase in 

current under illumination conditions, which may be 

associated with a reduction of the built-in potential at the 

(CdTe)1-xAlx/Si interface explained by the interaction of 

photogenerated carriers with intrinsic defects [35,36].  In 

addition, the response of  a commercial  PIN  silicon  detector 
 

 

Figure 6. Spectral photoresponse of sample CTA100S deposited on a 

Si(111) substrate. The inset shows the current-voltage (I–V) characteristics 

under illuminated and dark conditions, indicating rectifying behavior. 

is included. The response of CTA100S sample is almost 3 

orders of magnitude lower than the commercial detector, this 

behavior may be attributed to the intrinsic resistivity of the 

films and the series resistance introduced by the silver paste 

contacts. The low current values attained make clear that 

further optimization of contacts is required for practical 

optoelectronic applications. 

 

Conclusions 

 

Thin films of the solid solution (CdTe)1-xAlx were 

successfully deposited by RF co-sputtering. The aluminum 

content in the films increases with the RF power applied to 

the aluminum target but is self-limited by the co-sputtering 

process. Increasing the aluminum content promotes grain 

growth and formation of films with a cubic structure closely 

related to that of CdTe, exhibiting preferential 

crystallographic orientation. X-ray diffraction analysis of 

sample CTA100S reveals a broad, weak additional peak, 

suggesting that an aluminum concentration of x = 0.08 is near 

the solubility limit in the CdTe lattice. 

The optical bandgap increases from 1.53 eV at x = 0.03 to 

a maximum of 1.59 eV at x = 0.07 and decreases at higher 

aluminum content. This behavior can be associated with 

structural disorder and possible Al-related inclusions. XPS 

analysis of the Te 3d core level reveals the presence of  

Te–Al bonding, indicating the incorporation of aluminum 

into the CdTe matrix. These results, together with the 

structural analysis, suggest a pseudo-alloy-like behavior in 

the (CdTe)1-xAlx system. Both the refractive index and 

absorption coefficient depend on aluminum content and are 

consistently lower than those of single crystal CdTe, 

indicating a potential application as a window layer in   

CdTe-based solar cell systems. 

Electrical characterization of the (CdTe)1-xAlx/Si 

heterostructures shows rectifying behavior, and under 

illumination, photogenerated carriers reduce the potential 

barrier, photoresponse is observed. 
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