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CdS/CdTe Devices Activated with MgCl2 and Their C-V Simulation in SCAPS-1D
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This work investigates a non-polluting alternative for activation treatment, consisting of using a 
saturated solution of MgCl2 in methanol. For this research, three types of solar cells were analyzed: 
without activation treatment, activation with CdCl2 deposited by sublimation in a closed space, and 
activation with a saturated solution of MgCl2 by immersion. The solar cells were characterized using 
several techniques: scanning electron microscopy images were analyzed to show how the grains of the 
CdTe layer changed after the activation treatment; using the data obtained through a solar simulator, 
improvements were observed in Voc, Jsc, and FF; efficiency η increased from 4.4% without activation 
to 11.92% when MgCl2 is used and to 7.42% with CdCl2; these results were contrasted through 
numerical simulation based on SCAPS-1D software. We propose that the CdS/CdTe heterojunction 
becomes thinner during activation due to diffusion between these films; in this way, the film thickness 
and doping concentration depend on the activation treatment. Finally, we demonstrate that the device 
can be activated with MgCl2, achieving a maximum efficiency of 11.92%; with values of 760 mV, 
27.02 mA/cm2 and 0.58 of the Voc, Jsc, and FF respectively.
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1. Introduction
Solar cells have played an important role in generating 

electrical energy, and it is well known that they are technology 
that can be used in almost any part of the world and space. 
CdTe-based solar cells have undergone development and 
have proven to be a good technology, with laboratory 
photovoltaic conversion efficiencies of 22.1%1. However, a 
fundamental step to achieve high efficiency of n-CdS/p-CdTe 
solar cells and modules is the activation treatment with a 
deposition of CdCl2

2-4.
The activation treatment helps by enhancing CdTe crystal 

grain growth, recrystallization, CdTe surface modification, 
passivating grain boundaries, changing doping concentration, 
promoting interdiffusion at CdS/CdTe interface, reducing 
defect density, and improving the lifetime of charge carriers 
in the CdTe layer5-8. However, it is very well known that 
CdCl2 is highly toxic, mutagenic, and carcinogenic; as a 
result, alternatively, non-toxic treatment is needed with strong 
safety procedures. For this reason, alternative non-toxic, 
eco-friendly, and low-cost activation treatments have been 
experimented with, and among them, MgCl2 treatment is 
one of the most successful options, reaching conversion 
efficiencies of up to 14%9-13.

Regarding CdS thin films. Several chemical and physical 
deposition techniques can be employed to fabricate CdS 
thin films8,14-16, but one of the simpler methods to continue 
preparing CdS films with low temperature, economic, 
competitive results, and covering large areas is the chemical 
bath deposition (CBD) methodology17,18.

In this work, we present a novel approach to the activation 
of CdTe-based solar cells using a non-toxic MgCl2 solution 
applied by immersion. This method offers a low-cost 
and environmentally friendly alternative to conventional 
CdCl2 activation. Unlike previous reports, we conduct a 
systematic study of the effect of key processing variables 
(etching time, annealing temperature, and post-treatment) 
on device performance. Additionally, the integration of 
SCAPS-1D simulation to interpret doping profiles and 
electrical behavior provides a comprehensive understanding 
of the activation process, establishing MgCl2 immersion as a 
promising strategy for scalable CdTe solar cell fabrication.

2. Experimental Procedure
FTO/Glass TEC 10, with a surface resistivity of around 

10 Ω/sq, was used as a substrate to make photovoltaic devices 
in a superstrate structure. The CdS thin film was grown by the 
CBD method19 on the FTO/Glass substrate previously cleaned 
under the standard procedure in our laboratory. Details of this 
deposition technique can be found in our previous work19.
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The photovoltaic device was made as follows. The CdS 
layer was deposited onto the glass/FTO by chemical bath 
deposition, and later, the CdTe film was deposited on the 
CdS layer by Close Space Sublimation (CSS); the thickness 
obtained was 7 μm, measured using a KLA Tencor D-100 
profilometer. For this, a graphite crucible was filled with 
CdTe 99.99% Sigma Aldrich and was heated at 605 and 
500 °C for source and substrate temperatures, respectively, 
with a pressure of 13 Torr during the process.

After CdTe deposition, the samples were immersed in 
a nitric-phosphoric acid (N-P) etching solution with a pH 
of 1.00 to clean the surface and remove the Cd-rich layer 
formed during the CSS process. This Cd-rich layer hinders 
proper chlorine diffusion and may introduce defects that 
deteriorate the CdTe/CdS interface, ultimately reducing device 
efficiency20. Etching times ranged from 0 to 15 seconds were 
used in this study, based on evidence indicating that very 
short durations may fail to completely remove the Te-rich 
layer, compromising MgCl2 diffusion and limiting defect 
passivation. Conversely, prolonged etching can excessively 
attack the surface, removing not only Te but also underlying 
CdTe. This can lead to undesirable effects such as increased 
roughness, pitting, structural damage, loss of functional 
thickness, and changes in surface stoichiometry21,22. After 
the etching process, the CdTe surface was immersed in a 
saturated solution of MgCl2 in methanol for 60 seconds. 
Subsequently, the samples underwent an annealing heat 
treatment in air at high temperatures ranging from 400 to 
430 °C for 30 minutes. Finally, once the samples were at room 
temperature, a second immersion in the nitric-phosphoric 
etching solution was performed to clean the CdTe surface 
and promote the formation of a p+-type layer. This Te-rich 
layer facilitates the formation of a good ohmic contact3,20. 
In addition, a cell based on CdS/CdTe was compared with a 
typical activation process based on CdCl2. All the conditions 
of the activation process are established in Table 1.

Finally, 4 nm of Cu was evaporated on the CdTe layer. 
Right away, 50 nm of Au was completed by the evaporation 
as a back contact for the device activated where Cu diffusion 
procedure at 150 °C in an open atmosphere for 30 minutes.

The surface morphology of the samples was observed 
in a scanning electron microscope with a Tescan Mira 
3 FEG-SEM instrument, with 20 kV electron high tension. 
The photovoltaic devices were measured on air under one sun 
AM1.5G, 100 mW/cm2 illumination with an LCS- ORIEL 

solar simulator. The I-V system was calibrated using a 
certified Oriel reference cell (91150 V). The EQE spectrum 
was recorded using an ORIEL QEPVSI-B equipped with 
a 500-W xenon arc lamp as the light source. The light 
intensity at different wavelengths was calibrated using a 
71889 UV-enhanced Si photodetector (Newport). The C-V 
measurements were done at 100 kHz using a potentiostat 
Gamry Interface 1000, applying an AC modulation of 10 mV. 
All measurements were performed in a dark room and 
under AM1.5G illumination. Parallel to the characterization 
work, a simulation with SCAPS-1D software was carried 
out to analyze some other parameters that influenced the 
optimization of the device.

3. Results and Discussions

3.1. Scanning electron microscopy surface morphology
Figure 1 shows the surface morphology of the CdTe 

when treated with MgCl2; a comparison was made between 
an untreated sample and the sample with the best efficiency 
and treated with MgCl2. The SEM images show the superficial 
view of the CdTe films in the photovoltaic devices without 
activation a) and activated with MgCl2 b) in both cases, 
annealed was performed at 400°C for 20 min and the activated 
sample, as a final process was etched with the N-P acid 
solution. In Figure 1a), the surface is free of cracks or holes, 
the grains are distributed at random in a compact way and 
with hexagonal facets, which is typical when growing by 
CSS23,24, and the grain boundaries are well defined. On the 
other hand, the CdTe film activated with MgCl2 also shows 
a compact and dense surface; the grain size is uniform; 
however, coalescence of the smaller grains is observed, 
and grains with evidence of recrystallization are observed.

Figure 2 shows the SEM micrograph of the cross-section 
of the activated solar cell, where the CdTe film is easily 
distinguished close to 5 µm. The morphology seems compact, 
free of cracks or pinholes. The area of the CdS film and the 
interface with the CdTe are visible. The interface of the 
CdS-FTO is observed within the entire section.

3.2. Solar cell device, electrical properties
The electrical properties were characterized in order to 

know the effect and verify the morphological changes of 
the activation process of solar cells based on CdS / CdTe; 

Table 1. Activation conditions of the CdS/CdTe solar cells samples.

Sample N-P etching time (s) MgCl2 Dipping time (s) Annealing Temp °C N-P etching time for cleaning (s)
A1 15 60 430 30
B1 10 60 430 30
A2 5 60 430 30
F1 15 60 430 20
H1 15 60 430 10
G3 0 60 400 30
C1 3 60 400 30
B2 15 60 400 30

X 8.3 (Not activated) - - 400 -
R1 (CdCl2 activated) - - 430 Methanol cleaning
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one was activated with standard methodology with CdCl2, 
another one was activated with MgCl2, and the last device 
had without an activation process. Figure 3 shows the J-V 
curves of the devices under AM1.5G. The solar device 
without the activation process had the lowest efficiency 
of 4.44% conversion due to a low JSC (11.86 mA/cm2) and 
inadequate activation. The activation process promoted an 
improvement in the efficiency of the CdS/CdTe solar cells, 
increasing all electrical parameters such as JSC, VOC, and 
FF; the best device results were JSC (27.02 mA/cm2), VOC 
(760 mV), and FF (58.04%) were obtained with MgCl2 for 
the sample G3. The sample activated with CdCl2 has better 
electrical parameters than the without activation. However, 
the VOC and FF values are lower than the best device activated 
with MgCl2; this could be explained because probably the 
activation with CdCl2 was not efficient enough, and there 
was no passivation of the grain boundaries, it has been 
shown that when there is a small grain size this promote the 
diffusion of Cu to the interface of the CdS/CdTe affecting 
the performance mainly in the resistance in parallel Rsh and 
the effect of losses due to recombination of charge carriers, 
which causes a drop in the VOC, JSC and FF10,25-27.

Several authors comment about the activation treatment 
that generates physical and chemical changes mainly in the 
densification of CdTe film in the P-N junction, promotes 
the sulfur diffusion into CdTe to form CdSxTe1-x alloy near 
the interface as well as passivates the grain boundaries and 
reduces the non-radiative recombination centers8,10,28,29. The 
activation with MgCl2 shows better results. However, it was 
not in all cases since depending on the diffusion annealed 
treatment, time, dipping time, and N-P etching before and 
after MgCl2 activation, causes all the electrical properties of 
the cells will change, and the results of all cells fabricated 
of these experiments are shown in Table 2.

The effect of the activation parameters with MgCl2 is 
observed firstly post-MgCl2 treatment. NP etching times 
were analyzed under AM1.5G conditions when an annealing 
temperature of 430°C was used. Figure 4 shows the mean 
device performance parameters, efficiency, FF, VOC, and JSC 
as a function of the etching time (H1 for 10s, F1 for 20s, 

and A1 for 30s). In all cases, there is a trend in the increase 
of the electrical properties when the etching time is high; 
this is because the p+ Te layer is generated and promotes 
good ohmic contacts, and the PN junction is not affected 
during this step.

Figure 1. SEM images of a) as deposited CdTe layer, and b) MgCl2 treated CdTe layer.

Figure 2. SEM Cross section SEM image of activated CdTe/CdS 
solar cell.

Figure 3. J-V Current Density- Voltage curves of CdS/CdTe solar 
cells, without activation (WA), CdCl2 and MgCl2 activation process.
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The annealing temperature is another factor that increases 
efficiency. Some of the samples treated at 430°C had visible 
defects in the CdS film due to thermal stress after dipping in 
the MgCl2 solution. The problem was solved by maintaining 
a temperature of 400°C, which did not affect the CdS film 
but allowed the diffusion of Cl in the CdTe film and thus 
improved the electrical properties described above.

Finally, the N-P pre-etching time for the samples treated at 
400 °C showed the best result for all devices, with time < 5s 
(samples A2, G3, and C1) see Figure  4. Some authors 
state that a cleaning must be done to remove the excess 
Cd after the CdTe sublimation process30, however in our 
CdTe deposit process it is observed that it is not necessary 
to carry out this step since the longer it is cleaned with the 
NP acid solution the values of the electrical parameters are 
affected and reduces the efficiency of the cells, this may 
be due to gaps in the CdTe film and that during cleaning 
the acid attacks the interface of the CdS/CdTe junction 
and maybe the CdS film. If the CdTe film is not cleaned 
and although there are probably gaps, it is possible that 
when activating with MgCl2, these gaps are covered due to 
recrystallization, grain growth, and interdiffusion between 
CdS and CdTe, and grain accommodation that occurs in 
the activation process11,25,30.

3.3. External Quantum Efficiency (EQE) characteristics
Figure 5 shows the EQE differences between three solar 

cells activated by MgCl2, CdCl2, and without activation, 
respectively. In these devices, the ZnO layer was not used 
as a resistive film between the FTO and the CdS films. 
The quantum efficiency measurements were realized in the 
wavelength range of 300–900 nm.

The area under the curve between 400 and 520 nm 
corresponds only to the contribution of the CdS film; it can 
be observed that the devices activated have a higher EQE 
due to the thinning of the CdS film thickness as a result 
of the diffusion of S from the CdS to CdTe, this diffusion 
could promote the formation of a layer CdSxTe1-x, this 
layer is generated at high temperatures during deposition 
of CdTe, in this case by the substrate temperature in the 
CSS method, and or during the activation treatment20,26,31. 
Birkmire R.W. and coworkers observed that the formation 
of this compound can be observed at the end of the 
absorption edge close to 850 nm; the band gap values for 
the compound CdSxTe1-x are lower than those for CdTe 

when 0.05 < x < 0.5. This alloy modifies the spectral 
response of the solar cell and also reduces the lattice 
mismatch at the CdS/CdTe junction32

Table 2. Photovoltaic parameters obtained from I-V data for all fabricated cells.

Sample Voc(V) Jsc (mA/cm2) FF (%) Efic. (%)
A1 0.76 21.92 59.12 9.85
B1 0.72 23.48 51.16 8.65
A2 0.78 22.35 61.14 10.66
F1 0.73 20.37 53.1 7.9
H1 0.69 17.54 49.98 6.05
G3 0.76 27.02 58.04 11.92
C1 0.76 23.62 58.15 10.44
B2 0.66 23.06 53.08 8.08

X8.3 (not act.) 0.74 11.86 50.59 4.44
CdCl2 0.72 25.74 40.03 7.42

Figure 4. CdS/CdTe Solar Cells performance parameters and their 
activation process for different solar cell samples, WA is without activation.

Figure 5. External quantum efficiency curves for CdS/CdTe solar cells 
without activation (WA), the best MgCl2 activated, and CdCl2 activated.
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Huang C.H., Ngoupo T.A. and Angeles-Ordoñez G., and 
their co-worker observed the diffusion of Te can form the 
alloy CdS1-xTex at the CdS/CdTe interface. One characteristic 
of this alloy is that it decreases the carrier recombination 
rate around the CdS/CdTe junction by shifting the electrical 
junction away from the high recombination hetero interface 
between the CdS and the interdiffusion layer33. But it also 
reduces the short wavelength optical transmission of the 
window layer because this alloy has a band gap slightly 
lower than CdS, resulting in a poor spectral response in this 
wavelength region (500–650 nm)34,35.

Once mentioned, it indicates that the activation with 
MgCl2 and CdCl2 causes both Te and S diffusion over 
the CdS/CdTe junction than the cells activated with 
CdCl2. Finally, the cell activated with CdCl2 presents 
lower quantum efficiency than the one activated with 
MgCl2 and a descendent slope after 650 nm; this is due 
to a non-ohmic contact and forming a Schottky barrier. 
The low efficiency across the entire cell is probably 
attributed to a smaller collection of carriers generated 
in bulk by high wavelength photons, indicating a higher 
recombination rate in the absorber4,24,36, possibly as It 
had been mentioned previously in the J-V analysis due to 
poor grain recrystallization in the activation in addition to 
the dissolution of copper towards the CdTe that reduces 
the efficiency.

3.4. Capacitance - voltage characterization
The effect of activation with MgCl2 acts on the electronic 

properties of the solar cell, and a characterization of the 
capacitance-voltage (C-V) in both activated devices was 
realized at room temperature with a modulation voltage of 
10 mV at 100 kHz. The net acceptor concentration (NA-ND) 
can be obtained using the following equations:
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Where W is the depletion layer width, ε0 is the permittivity 
of free space (8.85 × 10-12 F/m), εr the relative permittivity 
of CdTe which is taken as 1010, q is the elementary charge 
(1.602 × 10-19 C), A the contact area (m2), C the measured 
capacitance (F), and V the applied Bias (V).

Figure 6a) shows the C-V curve and b) the Mott-Schottky 
plot of the CdS/CdTe devices. Figure 6a) The activated device 
with MgCl2 under reverse bias has a higher capacitance 
than the other devices; however, the behavior is similar. 

Figure 6. a) CdS/CdTe bode plots, b) CdS/CdTe solar cells Mott–Schottky plots, c) CdS/CdTe Solar cells doping profiles estimated from 
C–V data measured at 100 kHz, and d) schematic diagram of CdS/CdTe solar cell with A & B region in CdTe film. WA is without activation.
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When a forward bias is applied, the activated device capacitance 
increases significantly, reaching V > 0.5. The device shows 
a peak (p1), which is attributed to the capacitance of the 
CdS/CdTe heterojunction and is directly related to the doping 
of CdTe in the vicinity of the back contact8,27,35,37.

In the high forward bias region, the without activation 
device shows an increase in capacitance without a peak; 
this increase in capacitance due to the Schottky junction at 
the back contact becomes significant and achievements as a 
voltage-dependent capacitor in series to the main junction27. 
Based on Figure 6a), the activated device with MgCl2 has 
higher carrier density in both regions; however, in the region 
of the back contact, the device may not be activated at a 
similar concentration to that of the activated with CdCl2.

For Mott-Schottky plots, Figure 6b) computed the net 
carrier density in CdTe in the region of the heterojunction 
CdS/CdTe and also in the region of the posterior contact; 
this is achieved because it presents two slopes deduced from 
A2/C2 vs. V, from this graph, it is well known that significant 
reverse bias is associated with mass doping, and low forward 
bias corresponds to the region near the CdS/CdTe interface. 
The Vbi can be derived from the intersection of the A2/C2 curve 
at the voltage axis27; the values calculated from the graph are 
shown in Table 3. In the reverse polarization region, as the 
voltage decreases, the capacitance increases; this suggests 
there is no uniform doping concentration.

Net acceptor concentration profiles across the CdS/CdTe 
devices with CdTe layers with different activation processes are 
presented in Figure 6c). The shape of both graphs resembles 
the characteristic U-shaped curve for thin-film CdS/CdTe 
solar cells; the left graph corresponds to the forward bias 
condition associated with the CdS/CdTe interface (A), while 
the right side corresponds to the reverse polarization that 
is associated with the interface of the CdTe with the back 
contact (B), indicated in Figure 6d). Finally, the lower zone 
corresponds to the density of the carrier concentration in 
most of the absorbent layer27. The U-shape of the graphs 
indicates that the carrier concentration is not uniform in the 
depletion region35,38. C-V plots show that all samples have 
the same order of magnitude of doping densities in the CdTe 
region (~2-3 x1013 cm−3). However, the activated device with 
MgCl2 showed a higher density of carrier concentration from 
the CdTe zone to the back contact region (B). The increase 
benefits the device’s performance; the increase in the carrier’s 
concentration region of the back contact indicates a higher 
doping concentration due to the diffusion of Cu added towards 
the CdTe, which promotes a reduction in the Schottky barrier 
behavior10,26,32,39. The increase in the left side of the graph in 
the activated device corresponds to the CdS/CdTe interface. 
It may indicate a real charge distribution at the interface or 
show a non-uniform carrier density in its vicinity due to 

factors such as Te/S mixing, as well as the extension of the 
depletion region in the frontal interface (CdTe/CdS)/ITO 
where there is the possibility of a high concentration of 
defect levels and/or the presence of diffused Cu from the rear 
contact resulting in an apparent increase in carrier density 
under a forward bias20,39. In the without activation device, 
the carrier density is apparent slightly lower throughout the 
CdTe area than in the activated devices, which in this case is 
due to defects and the presence of Cu from the rear contact 
and because there is no other element like Mg or O that adds 
carriers. In addition, in the doping profiles estimated from 
C–V, three important effects are shown (Figure 6c): i) the 
decreases in the start and end in the U of the three samples, 
ii) the reduction of the U (depletion Width) and iii) carrier 
profile shifts as a whole to the right along the W axis, all 
these when NA-ND decreases. Hence, to better understand 
the effect of the activation process on cell performance, 
a numerical simulation based on SCAPS-1D software was 
performed to investigate the effect of CdTe absorber layer 
doping concentration on cell performance.

3.5. SCAPS-1D simulation
The SCAPS-1D program solves Poisson and continuity 

equations in semiconductors, making some assumptions 
that must be considered when interpreting the results. The 
most relevant assumptions are a one-dimensional solar cell, 
homogeneity of properties in each film, and ideal interfaces 
between the films of the solar cell40,41.

Figure  7 displays the simulated SCAPS-1D carrier 
concentration profiles for not-activated (red square), 
CdCl2 (green triangle), and MgCl2 (magenta sphere) activated 

Table 3. CdS/CdTe solar cells NA - ND carrier concentration at different zones.

NA-ND (cm-3)
Sample Vbi (V) CdTe/CdS interface A region CdTe region Back contact B region

Non activated 1.05 1.01x1014 2.61x1013 7.79x1014

MgCl2 0.47 2.64x1015 3.29x1013 1.46x1016

CdCl2 0.84 5.07 x1014 2.36x1013 1.19x1015

Figure 7. Simulated doping profiles for FTO/CdS/CdTe/Cu-Au 
activated with MgCl2, CdCl2 and without activation (WA).
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devices; all the materials parameters used in the simulation 
are shown in Table 4. Thickness, shadow uniform acceptor 
density, and hole mobility data (*) were approximated to 
match the experimental and simulation doping profiles, 
and are detailed in Table 5; all other data were obtained 
from references20,42,43. Using this data in simulation, we 
obtained that the carrier profiles simulated (Figure 7) have 
a similar shape to that obtained experimentally (Figure 6c). 
The thickness of CdTe to the film without activation was 
six μm in the activation of CdTe film with both CdCl2 and 
MgCl2 a loss of thickness in the films35. The film thickness 
in the device with activation was off at four μm. A similar 
effect appears with the CdS thin film; a thinning of CdS 
films in the EQE is observed (Figure 5) due to the chloride 
treatment. Therefore, the thickness of the CdS film in the 
device without activation was estimated at 100 nm.

In comparison, the CdS films of the device with activation 
were assumed at 25 nm, in concordance with a previous 
report43. The significant effect in the carrier concentration 
profile was obtained when the doping density, NA-ND, was 
varied; therefore, when NA is low (1x1012) to the without 
activation device, the carrier profile shifts as a whole to the 
right along the W axis, this behavior has been observed to 
other simulations44, However, the U-shape shrinkage was 
obtained when the hole mobility was increased only in the 
case of CdCl2 activation; according to Dharmadasa et al.20, 
the charge carrier mobility in CdTe could be much larger with 
CdCl2. With the previous variation of parameters, both CdTe 
and CdS are good approximations of simulated doping profiles.

4. Conclusions
The results showed that the initial attack process is 

unnecessary since it decreases the cell’s performance. 

On the other hand, it is fundamental to clean with NP acid at 
the end of the activation process to leave a pure Te-rich 
surface, which favors good Cu-Au ohmic contacts.

CdTe solar cells were made using CBD and CSS 
techniques and a non-toxic activator. In all cases, cells 
activated with MgCl2 showed better electrical properties and 
higher carrier density than those activated with CdCl2 and 
without activation.

A simulation with SCAPS-1D software was conducted to 
understand the activation process with MgCl2 and its effects 
on the PV cell. It was observed that during the activation, the 
films of CdS and CdTe thinned due to the diffusion between 
them (verified with the EQE results); also, non-uniform 
carrier concentration profiles were observed throughout the 
CdTe film, obtaining a typical U-shaped curve that agrees 
with the CV data.
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Hole thermal velocity (cm/s) 1x107 1x107

(ND) Shadow uniform donor density (cm-3) 1.1x1018 0
(NA) Shadow uniform acceptor density (cm-3) * 0 1x1012 - 1x1014

*Denotes the simulation parameters that were varied in SCAPS-1D.

Table 5. Parameters varied in the SCAPS-1D simulation of CdS/CdTe solar cell activated with MgCl2, CdCl2 and without activation.

NA-ND (cm-3)
Sample CdS Thickness (µm) CdTe Thickness (µm) CdTe NA (cm-3) CdTe Hole mobility (cm2/Vs)

Non activated 0.1 6 1.0x1012 4.0x102

CdCl2 0.025 4 1.0x1013 7.0x102

MgCl2 0.025 4 1.0x1014 4.0x102
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