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We explored how tellurium (Te) anion distribution as a function of doping concentration and substrate 
temperature effects on the photovoltaic (PV) performance of narrow-bandgap Cu(In, Ga)Se2 thin 
film solar cells grown by a three-stage co-evaporation process. At low and moderate substrate 
temperatures (480 ℃ and 550 ℃), the inclusion of Te anions in the structure has negative impacts 
on photovoltaic parameters due to formation of disorder in the crystal structure, the deepening of 
the notch in the GGI gradient and the increase of defect-assisted recombination. At high substrate 
temperature (620 ℃), conversely, the presence of Te not only serves to improve the crystal structure 
and mitigate recombination through defect suppression but also facilitates the growth of large grains 
and attains a near-optimal GGI ratio (0.3) with a better gradient, which has a beneficial impact on 
the PV performance. These results highlight the role of Te anion distribution on PV performance of 
Cu(In, Ga)Se2 thin film solar cells and its potential for highly efficient commercial thin-film solar cells in 
reasonable and effective ways as a function of substrate temperature and doping concentration.
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Chalcopyrite type Cu(In, Ga)Se2 (CIGSe) thin films have been studied by many research groups for solar cell 
applications. These materials are seen one of promising candidates as a thin film absorbing layer for thin film-
based photovoltaic technology owing to tunable direct bandgap, high efficiency, stability, and effective usage 
of raw materials1–4. The achievement of high efficiency in CIGSe solar cell devices hinges upon establishing 
an optimal bandgap gradient within the CIGSe absorber layer5,6. One of the most important steps is to 
optimize the depth and type of the gradient, as an incompatible bandgap gradient might lead to a decline in PV 
performances7. This can be achieved by adjusting the [Ga]/([Ga]+[In]) (GGI) ratio to tune the bandgap between 
1.04 and 1.67 eV, with the assistance of the presence of Na, which also serves to accelerate the interdiffusion of 
In and Ga8,9. Even though a bandgap of 1.45 eV is achieved at GGI ratios of 0.8 to obtain theoretically high-
efficiency wide bandgap CIGSe solar cells5, it has been reported that bandgaps of absorber layers in the range of 
1.1–1.3 eV are achieved with the highest efficiency in these cells when the GGI ratio is between 0.25 and 0.3010. 
The substitution of anion elements exhibits similar behavior, and it is evident that the bandgap will change when 
Se is substituted for Te or S11. Undoubtedly, the main reason for variation in the bandgap gradient is related 
to the diffusion of cation (Ga and In) and/or anion (Se, S and Te) elements within the absorber layer, which is 
accomplished by controlling sources fluxes during a three-stage co-evaporation process. For this reason, the 
element diffusion within absorber layer process greatly depends not only on the rates of element concentration 
but also on the optimization of substrate temperature in a three-stage co-evaporation process.
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Despite the fact that there are numerous researches on the deposition of CuInTe2
12–14, Cu(In, Ga)Te2

15,16, 
and Cu(In, Ga)(Se, Te)2

17–21 thin films using different techniques and the evaluation of their physical properties, 
there are relatively few studies on the photovoltaic properties of CuInTe2 and CuIn(Se, Te)2 based solar cells22–24 
compared to sulfur-based cells. The primary goal of Te incorporation in such experiments was to reduce the 
bandgap of the absorber layer, allowing it to be used as a bottom cell in multi-junction solar cells25. Nevertheless, 
these works have demonstrated that low amounts of Te doping into the CIGSe structure will be enough to 
tune the GGI gradient, which effectively control the bandgap gradients of the solar cells26. Moreover, it has 
been reported that the GGI ratio should be lowered below 0.3 for low substrate temperatures but should not 
be higher than 0.3 for high substrate temperatures while producing narrow-bandgap tellurium doped CIGSe 
solar cells27. It has also been shown that the tellurium atomic ratios of narrow-bandgap CIGSeTe solar cells 
above 1.4% cause surface cracks due to high stress caused by lattice distortion28. However, direct proof of 
these effects remains a challenge, since their practical implications for the material and device performance 
are not yet fully understood. Herein, we developed CIGSeTe thin film-based solar cells using three-stage co-
evaporation to further understand the impacts of low Te amount and substrate temperature on the GGI gradient 
and photovoltaic characteristics of thin film solar cells. Based on experimental findings, increasing the amount 
of Te anion at 480 and 550 ℃ substrate temperatures significantly degrades photovoltaic performance, whereas 
increasing the amount of Te anion at 620 ℃ substrate temperature improves photovoltaic properties due to shift 
of GGI to 0.3 with a better gradient, the enhancement of grain size and crystallite by the incorporation of Te into 
the structure and suppression of defects (gallium/indium/selenium interstitial and/or vacancies). These results 
will shed light on improving photovoltaic performances in CIGSe-based solar cells by adjusting the GGI gradient 
with poor Te concentration over 600 ℃ substrate temperatures in the three-stage co-evaporation process.

Experimental details
CIGSeTe thin films were deposited on molybdenum (~ 400 nm) coated soda lime glass (SLG) by a three-stage 
co-evaporation process under vacuum atmosphere with a background pressure of 2·10− 7 mbar. Since there was 
no diffusion barrier between SLG and Mo, Na could diffuse from SLG through Mo into the absorber layer 
during the deposition. The co-evaporation process was performed in a multi-source chamber equipped with 
a laser light scattering to control the composition and thickness of the deposited film in-situ. The first stage of 
the co-evaporation process was started by In and Ga evaporation. Cu was only deposited in the 2nd stage. In 
the third stage, In and Ga were evaporated until a Cu-poor stoichiometry was achieved. After the 3rd stage, 
NaF was deposited with an evaporation rate of 0.1 Å/s for 600 s without breaking the vacuum10. Elemental Se 
was evaporated (above the melting point of 220 ˚C) and Te was sublimated (below the melting point of 450 
˚C) simultaneously during the co-evaporation process and the NaF post deposition. The temperatures of the 
Se and Te sources were set between 240 and 260 ˚C and 370–400 ˚C, respectively, to obtain different [Te]/
([Te]+[Se]) (TTS) ratios, while the flux ratio of ([Te]+[Se])/[metals] kept constant at about 10. Samples with 
different substrate temperatures and Te contents were studied in a systematical approach. An overview of the 
samples is given in Table 1.

The numbers 480, 550, and 620 in the sample names represent the substrate temperatures (TSub) of 480 
˚C, 550 ˚C, and 620 ˚C, respectively. As in other studies, where the same evaporation system was used29, it 
is estimated that the actual temperature under vacuum is 60  °C below the adjusted temperature. Samples 
denoted with 0 following the temperature value were prepared without Te. The number 0.6 represents ~ 0.6 at 
% of Te, corresponding to [Te]/([Te]+[Se]) ratio (TTS) of 0.011 ± 0.001, determined by energy dispersive X-ray 
spectroscopy at 15 kV acceleration voltage. Samples with the number 0.9 contain ~ 0.9 at % of Te, corresponding 
to TTS = 0.017 ± 0.001. GGI values of the samples were approximately 0.3, and Cu/(Ga + In) (CGI) values were 
in the range of 0.87–0.92.

The CIGSeTe absorber layers have a thickness of ~ 2 μm. Note that the samples have not been etched or 
washed prior to buffer layer. On top of them, ~ 50 nm of CdS were deposited via chemical bath deposition, 
followed by ~ 100 nm intrinsic ZnO (i-ZnO) and 200 nm indium tin oxide (ITO), deposited by sputtering. A 
Ni/Al/Ni front contact was evaporated by means of e-beam evaporation to complete the solar cells. Note that no 

Sample TSub (˚C) Eg (eV)a Eg (eV)b Te/(Te + Se) Ga/(Ga + In) Cu/(Ga + In)

480-0 480 1.09 1.08 0.000 0.28 0.91

480 − 0.6 480 1.10 1.05 0.011 0.25 0.87

480 − 0.9 480 1.09 1.03 0.016 0.25 0.90

550-0 550 1.10 1.11 0.000 0.27 0.92

550 − 0.6 550 1.08 1.15 0.010 0.28 0.90

550 − 0.9 550 1.07 1.19 0.017 0.25 0.91

620-0 620 1.09 1.15 0.000 0.24 0.88

620 − 0.6 620 1.08 1.13 0.012 0.31 0.92

620 − 0.9 620 1.06 1.11 0.018 0.34 0.90

Table 1.  Overview of elemental compositions from EDX and bandgap values extracted from UV-Vis spectra 
and EQE spectra. aEnergy bandgap (eV) values were obtained from UV-Vis spectra. bEnergy bandgap (eV) 
values were extracted from normalized EQE spectra.
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anti-reflection coating was applied. Each sample has been mechanically scribed to have four solar cells with an 
active cell area of 0.5 cm2.

The morphology and elemental composition analysis were performed by a ZEISS Supra 40 VP scanning 
electron microscope (SEM) with 5 kV acceleration voltage. X-ray diffraction (XRD) analysis was performed using 
a Rigaku Miniflex 600 XRD with CuKα radiation at 2θ values of 25˚ to 75˚. Each CIGSeTe absorber layer was 
also deposited on SLG without Mo back contact to eliminate the Mo peaks in XRD measurements and evaluate 
the thin films’ optical characteristics. Absorption measurements were carried out between wavelengths of 800–
1400 nm using a Shimadzu UV-2600 UV-Vis spectrophotometer. The samples were subjected to glow discharge 
optical emission spectroscopy (GDOES) using the Spectruma GDA750 instrument to obtain elemental in-depth 
profiles, as described in30. As we only have one reference sample containing a small amount of tellurium (0.06 
at %), this reference sample was tried as a calibration sample in the quantification of the GDOES profiles. No 
smoothing treatment was applied to the surface and the quantification of tellurium in our samples is probably 
insufficient due to a much higher amount of tellurium than in the calibration sample. Current density – voltage 
(J-V) measurements of our cells were performed under AM1.5G standard test conditions at room temperature. 
A Xenon lamp equipped with a monochromator was used to measure the external quantum efficiency (EQE) 
by the lock-in method. The short circuit current (JSC) was determined by the integration of EQE response with 
the AM1.5G spectrum. Power conversion efficiencies (η) of our cells were calculated using VOC and FF from J-V 
measurement and JSC from EQE measurement.

Results and discussion
The top-view and cross-sectional SEM images of thin films with varying Te concentrations and deposition 
temperatures are displayed in Fig. 1. The average grain sizes of the samples in the 480 ℃ deposition temperature 
are almost similar after Te incorporation. Since the estimated actual TSub for these samples is 420 ℃, which 
is below the melting point of Te, there is no liquid phase assisted crystallization. Hence, the incorporation of 
Te anion at temperatures lower than its melting point has no effect on grain size. No significant change was 
detected in the grain sizes, when the depositions occur at 550 ℃ with varying Te concentrations even though 
the actual TSub is 490 ℃ higher than melting point of Te. However, further increase in TSub (at 620 ℃) results in 
bigger grain sizes for both CIGSe and CIGSeTe thin films. The grain size difference at high temperature can be 
explained by a better promotion of liquid phase assisted crystallization by Te compared to Se, implying that the 
Te anion acts as nucleation centers to facilitate the grain growth of the absorber layer26,31. Overall, in order to 
take advantage effectively of liquid phase crystallization, deposition temperature must be sufficiently higher than 
the melting point of Te. Cross-sectional images of the samples are located on the right side in Fig. 1. The layer 
morphology was not significantly affected by different Te concentrations and/or GGI ratios and/or substrate 
temperatures, as demonstrated by the highly reproducible layer thickness of ∼2 μm achieved through a three-
stage co-evaporation process. At high substrate temperature (620 ℃) it is evident that the incorporation of Te 
significantly increased the grain size. In cases when the substrate temperature exceeds melting point of Te, this 
is consistent with the literature24,26.

XRD spectra of all thin films on soda-lime glass are displayed in Fig. 2. The diffraction peaks of samples 
without Te can be indexed to the Cu(In, Ga)Se2 with a GGI of 0.3 (JCPDS 00-035-1102). Since there is no 
JCPDS reference for CIGSeTe compound, calculation of peak positions by using data for CIGSe and CISeTe is 
considered as a reference. All samples exhibit a single phase with a highly preferred (112) orientation. Taking this 
prominent peak into consideration, it is obvious that the degree of distortion in the lattice rises with increasing 
Te concentrations at substrate temperatures below 550 ℃, resulting in a weakening of crystallinity. A distinct 
split is clearly seen in this main peak with increasing Te concentrations; however, this split disappears completely 
with an increasing in substrate temperature about 620 ℃. The underlying mechanism for this possible scenario 
can be explained by the reaction kinetics between Te and other elements as follows: Since the boiling point of 
Te is high (988 ℃ at atmospheric pressure), the applied vacuum pressure and TSub are not sufficient for Te to 
undergo ionization and turn into the formation of free ion. Therefore, since the Te is in the presence of a neutral 
species at low temperatures, the Te neutral species (atom), whose diffusion rate decrease according to Fick’s first 
law, prefers to react with the Ga ions rather than the In ions which is rapidly moving to the Mo surface, implying 
that it promotes the formation of Cu-Ga/(Se-Te) phases, in agreement with the CuGaTe2 secondary peaks seen 
in the magnified spectra in Fig. 2a. On the other hand, the drop in GGI ratios in Table 1 confirms the concept of 
a decrease in the quantity of Ga in the reaction environment because of Te element’s interaction with Ga. On the 
other hand, Te can easily evaporate, particularly at the substrate temperature of 620 ℃, probably owing to above 
the boiling point of Te at applied vacuum pressure, and thereby becomes a free ion. This leads to the formation of 
Cu-In-Ga/(Se-Te) phases by capturing Ga and In ions inside bulk rather than surface due to increased diffusion 
rates. Thus, it not only improves crystallinity by lowering Cu/Ga/In deficiencies induced by Se vacancy during 
phase formation as seen Figs. 2b and c, but also promotes grain size by slowing down nucleation. Taking into 
account on the larger ionic radii of Te (221 pm) than Se (198 pm) ions, a reasonable shift in the (112) main peak 
toward the higher angle was observed with an increase in Te dopants in the absorber thin film, as illustrated in 
the inset of Fig. 2c, implying that Te anions are replaced with Se and act as an interstitial impurity in the thin 
film at TSub of 620 ℃26.

The extracted Eg from UV-Vis can be seen in Fig. 3; Table 1 presents a summary of these findings in relation 
to Eg derived from EQE. According to Table 1, no acceptable variation in Eg obtained from both techniques 
was observed with the increase in substrate temperature. While variation of Te quantity and Eg value do not 
significantly correlate at temperatures below 500 ℃, conversely, a reduction in the bandgap was found along 
with an increment in Te above 620 ℃, which is consistent with earlier research in the literature25,32. This can be 
explained by the tellurium incorporation creating a new shallow energy level in the bandgap, which causes the 
valence band to shift upwards33–36. These findings exhibited a similar effect on the GGI gradient, which is directly 
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affected by the Eg gradient. At 620 ℃, increasing Te concentration raises the GGI value towards the ideal ratio 
(0.3) at which high efficiency is achieved; as expected, decreasing Eg with increasing GGI value is also verified in 
good agreement with the literature1,37.

As can be seen from Fig. 4, GGI gradient flattens as TSub increases. Te incorporation at 480 ℃ made the 
notch of the GGI gradient deeper, indicating further slowing down the Ga diffusion throughout the absorber. 
The incorporation of Te at 550 ℃ appears to result in a less pronounced attenuation of Ga-diffusion than that 

Fig. 1.  (a) Top-view SEM and (b) Cross-sectional images of CIGSe and CIGSeTe thin film absorber layers with 
at varying substrate temperature on Mo-coated SLG substrate.
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observed for the TSub of 480 ℃. On the other hand, highest TSub of 620 ℃ gives rise to changes in the gradient 
type from double to back surface gradient. It can be said that the addition of Te prevents Ga diffusion at low 
temperatures, while it promotes the diffusion of Ga at higher temperatures. This mechanism can be explained 
not only by the above-mentioned scenarios based on kinetic reactions, but also by the formation of larger grains 
through liquid phase-assisted crystallization, which reduces the number of grain boundaries and allows easier 
diffusion of Ga. The shape of the GGI gradient in CIGSe samples was found to be in good agreement with the 
literature at similar substrate temperatures29,38.

To identify the impacts of relevant variables on performance of thin film solar cells, we displayed the statistical 
distribution of power conversion efficiency (PCE) per 10 devices in total in Fig. 5a. The PCE statistics presented 
in this figure indicate that the devices yield highly reproducible results. Figure 5b shows the PV performances 
of the best-performing thin film solar cells. Increasing the TSub enhanced the solar cell characteristics of Te-
based CIGSe2 cells, no effect was observed in Te-free cells. However, it was discovered that incorporation of 
Te into CIGSe exhibited negative effects on PV parameters such as VOC, FF and JSC at TSub below 550 ℃. This 
poorer performance may have originated from the high ideality factor, enhanced non-radiative recombination 
induced by defects, low carrier collection as a result of the less amount of Ga in the region close to the back 
contact due to preventing diffusion of Ga ions by interaction with Te on absorbing layer surface, and low GGI 
gradient inhibiting electron transport5,9,39. At 620 ℃, however, VOC and FF increase with Te incorporation, 
whereas JSC drops with a similar trend. These parameters of the best solar cells for all samples are shown in 
Table 2. Possible mechanisms underlying the enhanced device performance are the suppressing the defect in 
GBs through larger grain sizes, leading to higher FF and formation of shallow trap centers into the bandgap 
inhibiting non-radiative recombination, resulting in higher VOC

40,41 On the other hand, the decrease in JSC can 
be explained by the back surface gradient occurring upon Te incorporation39. Te incorporation into CIGSe at 
620 ℃ is beneficial for device performance; however, decrease of Te content under 0.9% can negatively impact 

Fig. 2.  The logarithmic X-ray diffraction (XRD) graphs of the thin films prepared at (a) TSub of 480 ℃ (b) TSub 
of 520 ℃, and (c) TSub of 620 ℃.
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its operation. Consequently, we will focus on research on high TSub (> 600 ℃) and excess Te concentrations 
(between 1% and 1.4%) in the future to fabricate highly efficient Te-doped CIGSe solar cells.

To highlight the beneficial impact of Te and TSub variation on the bandgap gradient of CIGSe, External 
Quantum Efficiency (EQE) measurements of all devices were performed in Fig. 5c. The carrier collection in the 
range of 800 to 1100 nm is reduced for the Te-based cells, evidently attributable to the lower carrier collection 
caused by the GGI back surface gradient39. A wavelength independent increase of the EQE was observed for 
increasing TSub in CIGSeTe samples. However, the temperature change had a negligible impact on the EQE of 
CIGSe samples.

To demonstrate how the relevant variables dominate the J-V response of the devices at varying voltages, we 
presented dark J-V characteristics for all devices in Fig. 5d. At low voltages (Region I), the JV characteristics are 
predominantly influenced by shunt resistance (Rsh), at intermediate voltages (Region II) by the diode parameters, 
namely the ideality factor (n); and at high voltages (Region III) by series resistance (Rs). Taking into account the 
temperature-dependent changes in the regions, we observed a rise in the Rsh, a decrease in the Rs and a similar 
pattern in the slope of the current in the exponential second regime as the Tsub increased, implying that the 
devices display a much lower reverse current, a larger forward current due to high mobility, and lower non-
radiative recombination rate due to less deep traps, high charge carriers injection. Surprisingly, we can say that 
the incorporation of tellurium generally leads to a negative trend in these parameters except for the application 
at high temperatures and high concentrations. We anticipate that our findings will serve as a roadmap for future 
research on higher substrate temperatures and tellurium concentrations.

Conclusions
We successfully revealed Te concentrations and substrate temperatures impacts on photovoltaic performances of 
CIGSe solar cells grown by three-stage co-evaporation process. Te incorporation disrupts the crystal structure, 
deepens the notch in the GGI gradients by suppressing Ga diffusion, and creates defects encouraging non-
radiative recombination, and hence it has negative effects on photovoltaic performances at TSub below its boiling 
point (< 600 ℃). When TSub more than 600 ℃, it is obvious that Te incorporation not only improves crystal 
structure and suppresses recombination by decreasing defects, but it also promotes large grain size and near-
ideal GGI ratios (0.3) with a better gradient. Compared to Te-based CIGSe solar cells, optimum Te concentration 
(0.9%)-based cell at 620 ℃ exhibited the highest efficiency of 11.2%. Even though a full description of the 

Fig. 3.  Determination of optical direct bandgap of all samples deposited on SLG from UV-Vis absorption 
spectra.
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mechanism leading to high-efficiency thin-film solar cells is not yet possible in the early stages of our experiments, 
we believe that further clarifications regarding the effects of elevated TSub and excess tellurium concentration will 
facilitate the establishment of guidelines for the development of both higher-efficiency thin-film solar cells and 
enhanced cell stability.

Fig. 4.  Effect of Te addition and substrate temperature on the GGI gradient of samples. The left side of the 
graphs is the front interface with the CdS layer, and the right side is the Mo back contact.
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 28 May 2025; Accepted: 28 October 2025

Sample JSC (mA/cm2) VOC (mV) FF (%) PCE (%)

480 − 0 31.01 654 69.6 14.12

480 − 0.6 16.95 567 57.8 5.55

480 − 0.9 17.19 574 55.0 5.43

550 − 0 29.83 647 72.6 14.01

550 − 0.6 22.00 569 55.6 6.96

550 − 0.9 19.52 570 53.7 5.97

620 − 0 30.11 575 65.1 11.27

620 − 0.6 23.58 612 72.2 10.42

620 − 0.9 26.42 590 71.8 11.19

Table 2.  Solar cell parameters of the best solar cells for each sample.

 

Fig. 5.  (a) Statistical distribution of PCE of cells made with different Te concentration and substrate 
temperature, (b) J-V curves, (c) EQE graphs, and (d) Dark J-V curves of the best-performing cells for all 
samples.
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