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ABSTRACT
The introduction of selenium in CdSeTe/CdTe solar cells has led to improved device performances attributed to the passivation of bulk
defects. In this work, high-resolution cathodoluminescence experiments are performed on a series of CdSeTe/CdTe thin films with different
Se concentrations to quantify the mechanisms and the passivation role of Se. We demonstrate a universal dependence between the Se concen-
tration and the radiative efficiency and a ten-fold enhancement of the luminescence between CdTe and CdSe0.4Te0.6. Raw luminescence maps
are converted into maps of the Se concentration, revealing its graded profile within the stack. We demonstrate the diffusion of Se along CdTe
grain boundaries induced by the cadmium chloride annealing treatment and determine the diffusion coefficients, which are more than eight
times higher at grain boundaries than in grain interiors. These results provide microscopic insights into the distribution of Se and its impact
on the passivation of CdSeTe/CdTe solar cells.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0195398

I. INTRODUCTION

Polycrystalline cadmium telluride (CdTe) thin-film solar cells
have a very low levelized cost of energy and provide an attractive
alternative to silicon technology with a reduced fabrication time
and cost. Over the last ten years, CdTe solar cells have benefited
from numerous discoveries1,2 improving their efficiency from 16.7%
to 22.3%.3 However, the efficiency is hindered by the presence of
defects in grain interiors (GIs) and at grain boundaries (GBs). The
best performances have been obtained by the incorporation of a
selenium composition gradient in the CdTe absorber. Se alloy sig-
nificantly improves the short-circuit current4–7 due to bandgap low-
ering. Interestingly, the voltage deficit of these devices is maintained
or even improved,8,9 and excellent optoelectronic properties are
reported. The lifetime is increased up to hundreds of nanoseconds
for polycrystalline CdSeTe,10–12 even exceeding 200 ns for devices.13

Characterization by cathodoluminescence (CL) sheds light on the
passivating role of selenium within the CdTe bulk, with an enhanced

CL signal in the CdSeTe region relative to CdTe.11,14 Selenium was
shown to diffuse into the CdTe GI/GB mainly along CdSeTe GBs15,16

during the CdCl2 passivation treatment,17 and experimental evi-
dence of Se reducing harmful non-radiative recombination at grain
boundaries has been confirmed.18 While the mechanism and key
role of the Se introduction in CdTe devices have been thoroughly
analyzed,7,19–21 no quantitative study on the passivation effect of Se
has been reported.

In this work, we report on a systematic study on five
CdSexTe1−x samples with selenium composition ranging from x = 0
to x = 0.4. The distribution and impact of Se are examined by high-
resolution cathodoluminescence (CL) mapping, run under identical
conditions for each sample. Using temperature-dependent measure-
ments, we refine the parameters of the Varshni law and the bowing
factor of the CdSeTe bandgap, and we convert CL maps into maps
of the Se concentration. Hyperspectral CL maps are converted into
maps of the Se concentration and are used to quantitatively assess
the effects of Se at the nanoscale. We find a correlation between the
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luminescence intensity and the Se content, with a ten-fold enhance-
ment of the radiative efficiency between CdTe and CdSe0.4Te0.6. We
also determine the diffusion coefficients of Se upon CdCl2 annealing
in grain interiors and at grain boundaries.

II. EXPERIMENTAL DETAILS
A. CdSeTe samples preparation

The cells were fabricated in a superstrate configuration. A
soda–lime glass (commercial TEC 12D) was coated with fluorine-
doped tin oxide (SnO2:F) and intrinsic i-SnO2. MgyZnO1−y with
y = 0.08 was then deposited by radio frequency sputtering using a
mixed-oxide target with a weight ratio of 4 and 96 wt. % for MgO
and ZnO, respectively. 1 μm of CdSeTe was thermally evaporated
from a ternary source of CdSexTe1−x at a temperature of 650 ○C with
a substrate temperature of 450 ○C. Five samples with Se composi-
tions ranging from x = 0 to x = 0.4 by steps of 0.1 were fabricated.
Then, without breaking the vacuum, 3–4 μm of CdTe was evapo-
rated, and the samples were CdCl2-treated at 420 ○C for 10 min.
Finally, the devices were dipped in a 0.1 mmol CuCl2 solution in
water and annealed in a tube furnace at 200 ○C for 30 min in the air.
Solar cells were fabricated for each sample and previously studied in
Ref. 13.

For CL measurements, 20○-bevels were prepared by focused-
ion-beam milling in an xT-Nova NanoLab (FEI Company) with a
30 kV ion beam, followed by surface cleaning with a 5 kV beam
[Fig. 1(a)]. Additional cleaning is performed by milling at a glanc-
ing angle with Ar+ ions using a JEOL cross section polisher tool
operating at 3 kV.

B. Characterization
CL measurements were performed in an Attolight Chronos

CL-scanning electron microscope (SEM) system. The acceleration
voltage of the electron beam was set to 6 keV, and the probe current
was kept constant at 4 nA within fluctuations of less than 5%. At
6 kV, Monte Carlo simulation based on the software CASINO shows
that 75% and 95% of carriers are generated in CdTe in a pear-shaped
excitation volume within a radius/depth of ∼25/75 and 85/150 nm,
respectively. For CdSe0.4Te0.6, the size of the interaction volume is
increased to 40/100 and 110/160 nm, respectively. Luminescence is
collected by an achromatic reflective objective designed for constant
collection efficiency over a field of view of 150 μm in diameter. Lumi-
nescence spectra are dispersed with an Horiba spectrometer iHR320
(diffraction grating with 150 grooves mm−1) and recorded with an
Andor Newton charge-coupled device (CCD) camera (1024 × 256
pixels, pixel width 26 μm). The corresponding spectral dispersion
is 0.53 nm per pixel. Luminescence spectra are corrected for the
diffraction efficiency of the grating and the CCD camera sensitivity.
The CL intensity reported in the following corresponds to a spectral
density of photon flux per unit of energy (counts s−1 eV−1). The con-
stant excitation and collection efficiencies during the experiments
guarantee a quantitative comparison between the different samples.

To analyze the chemical composition of the samples, energy
dispersive spectroscopy (EDS) measurements are operated with an
acceleration voltage of 6 keV in a Zeiss Merlin VP SEM. Transmis-
sion electron microscopy (TEM) images were acquired at 200 kV
on the sample CdSe0.2Te0.8. The system, equipped with an energy

dispersive x-ray (EDX) detector, was used to investigate elemental
distribution maps along the lamella.

III. CATHODOLUMINESCENCE EXPERIMENTS
A. CL maps of CdSeTe/CdTe thin films

The CL panchromatic maps measured on the bevels at room
temperature are plotted in Figs. 1(b) and 1(e)–1(h). They show the
evolution of the grain morphology and the luminescence intensity
across the depth of each CdSeTe/CdTe thin film. The grayscale is
adjusted for each sample to account for the strong differences in
the luminescence intensities. In Figs. 1(e)–1(h), there is a clear con-
trast between the top and the bottom of the CL intensity maps,
revealing the bilayer structure where the CdTe region can be distin-
guished from the CdSeTe. The CdSeTe region (bottom of CL maps)
exhibits smaller grains as compared to the top CdTe area. Contrary
to previous CL studies of pure CdTe thin films22 we see no obvi-
ous correlation between the CL intensity and the grain size. On the
other hand, we observe a strong increase in the luminescence inten-
sity with the Se concentration, with a ten-fold enhancement between
CdTe [Fig. 1(a)] and CdSe0.4Te0.6 [Fig. 1(h)]. A similar CL intensity
contrast between regions with high and low Se contents has already
been observed by Fiducia et al. in a single CdSeTe/CdTe bi-layer and
attributed to the passivation effect of selenium.14

Normalized CL spectra averaged over the homogeneous
CdSeTe area, highlighted with a colored rectangle on all the
panchromatic maps, are shown in Fig. 1(d). These data can be fitted
with the generalized Planck law, as described in the supplementary
material (Sec. I). The resulting fits are in very good agreement
with the experimental data. The absorption coefficient is modeled
by a parabolic band approximation convoluted with an exponen-
tial decay below the bandgap to account for the Urbach tail. A
Gaussian function is used to model the low-energy emission peak
attributed to a defect level. The main fitted parameters are reported
in Table I. We note that the bandgap is 10–15 meV below the
main peak energy. The defect level is found 120–180 meV below
the bandgap, with the energy difference increasing with Se concen-
tration. It is also clearly seen in low-temperature CL spectra. It is
usually attributed to A-center defects induced by complexes formed
between cadmium vacancies and shallow donors.23–28 Aside from
the x = 0.3 sample, the bandtail slightly increases with the Se con-
tent, from 10.5 meV for CdTe to 12.2 meV for CdSe0.4Te0.6 (see
the supplementary material, Table I), whereas the Voc deficit with
respect to the Shockley–Queisser limit decreases from about 630 to
330 mV correspondingly.13 In this case, the simplistic relationship
between Voc and the Urbach bandtail suggested by Wolter et al. does
not hold.29

The peak energy of luminescence spectra is also extracted for
each pixel of the hyperspectral CL maps and plotted as peak energy
maps in Figs. 1(c) and 1(i)–1(l). It provides a direct insight into
the variation in the selenium concentration. As expected, the peak
energy map of the pure CdTe sample [Fig. 1(c)] is homogeneous
over the entire depth. For the other samples, the luminescence red-
shifts as the selenium concentration increases. In Figs. 1(i)–1(l), the
peak energy maps exhibit two distinct and homogeneous areas cor-
responding to CdTe (top) with a peak energy of around 1.51 eV,
and to CdSeTe (bottom) with peak energies from 1.47 to 1.41 eV.
Moreover, a steep transition between the CdTe and CdSeTe is

APL Mater. 12, 031135 (2024); doi: 10.1063/5.0195398 12, 031135-2

© Author(s) 2024

 25 April 2024 21:08:27

https://pubs.aip.org/aip/apm


APL Materials ARTICLE pubs.aip.org/aip/apm

FIG. 1. (a) Schematic of a beveled CdSeTe/CdTe sample, the black dashed rectangle indicates the CL measurement region. (b) and (e)–(h) Room-temperature panchromatic
CL maps (256 × 256 pixels) of CdSexTe1−x samples with compositional x values of (b) x = 0, (e) x = 0.1, (f) x = 0.2, (g) x = 0.3, and (h) x = 0.4. The grayscale bars are
adjusted for each CL intensity map. The white scale bar stands for 3 μm. (c) and (i)–(l) Corresponding CL peak energy maps of (c) x = 0, (i) x = 0.1, (j) x = 0.2, (k) x = 0.3,
and (l) x = 0.4. (d) Normalized CL spectra averaged over the homogeneous area shown as a colored rectangle at 296 K for the five samples. The dotted lines correspond to
the generalized Planck law fit, and the open circles on the CL spectra indicate the bandgaps determined from the fit.

observed, and small inhomogeneities along the grain structure are
revealed. We note that the CdSe0.3Te0.7 sample differs from the
others with bigger grains and a less homogeneous CdSeTe region
[Fig. 1(k)].

The region of high luminescence on the panchromatic maps
consistently aligns with the CdSeTe region, irrespective of the nom-
inal bulk concentration of selenium. In Sec. IV, we will quantify the
relationship between luminescence intensity and selenium concen-
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tration. Then, in Sec. V, the analysis will be expanded to examine the
spatial distribution of selenium within the CdTe layer as well as the
underlying selenium diffusion mechanisms.

IV. IMPACT OF Se CONCENTRATION ON RADIATIVE
EFFICIENCY

The beneficial impact of the selenium concentration on the
radiative efficiency can be seen in Fig. 2. We extracted the energy
and the intensity of the main emission peak from each pixel of the
four hyperspectral CL maps recorded on the CdSeTe/CdTe sam-
ples. The values are sorted by peak energy in 0.6 meV intervals,
and the average CL intensity of the main peak is computed within
each interval. Figure 2 shows a rise in luminescence efficiency as
the peak energy decreases. Two striking features are visible. First,
the data from different samples are superimposed. It means that the
same luminescence intensity is found for the same Se concentration
in the four samples, despite the different nominal concentrations
and diffusion processes. Second, the data show a ten-fold increase
between CdTe (1.50 eV) and CdSe0.4Te0.6 (1.4 eV). The relationship
between the CL intensity and the peak energy can be fitted with a
phenomenological exponential law,

ICL(E) = a ⋅ exp (−E/b), (1)

where b = 53 meV.
These results demonstrate the direct relationship between the

Se content and the radiative efficiency. Regardless of the sam-
ple, grain size, or position on the bevel, the CL peak intensity is
determined by the local Se concentration.

What is the impact of the enhanced radiative efficiency on the
quasi-Fermi level splitting Δμ and open-circuit voltage? The absorp-
tion coefficient of CdSeTe is spectrally shifted with the bandgap
but with little change in its spectral shape (see the supplementary
material, Sec. I). As a result, the luminescence intensity at the
peak energy Epeak is mainly driven by a factor E2

peak exp [−(Epeak −
Δμ)/kT],30–32 where the exponential term dominates. From xSe = 0
to xSe = 0.4, the decrease in the quasi-Fermi level splitting induced
by the bandgap lowering of about 100 meV is partly counterbal-
anced by the increase in the radiative efficiency, which accounts for
about 60 meV. Overall, this effect can partly but not fully explain the

FIG. 2. Room-temperature CL intensity as a function of the CL peak position com-
bined from the four CdSexTe1−x samples with Se content ranging from 0.1 to 0.4.
The mean CL intensity is calculated for each energy range and sample.

increase in open-circuit voltage beyond 200 mV measured for the
same set of samples.13

V. GRADIENT OF Se
We have performed a series of experiments and proposed a set

of equations to determine the bandgap Eg(T, xSe) of CdSeTe semi-
conductor alloys for any concentration xSe < 0.4 and temperature
between 0 and 300 K (see the supplementary material). We extracted
the bandgap from hyperspectral maps performed at nine different
temperatures for the five samples. From this dataset, we have refined
the parameters of the Varshni law [Eq (3)] and the bowing factor of
the CdSeTe bandgap [Eq (2)]. As a result, the following equations
provide the relationship between the bandgap, the temperature, and
the selenium composition:

Eg(0, xSe) = 1.589(1 − xSe) + 1.75xSe − 0.67xSe(1 − xSe), (2)

Eg(T, xSe) = Eg(0, xSe) − 5 × 10−4T2

T + 200
. (3)

In the following, we use these equations to convert the peak energy
maps into Se concentration maps at 296 K.

A. Gradient of Se concentration in the depth
The exact distribution of Se content is calculated at room tem-

perature, and with a 10 meV shift between the peak energy (Epeak)
and the bandgap, we obtain for xSe < 0.4,

Epeak(xSe) = 1.51(1 − xSe) + 1.67xSe − 0.67xSe(1 − xSe). (4)

Maps of the Se concentration are plotted in Figs. 3(a)–3(c),
where the common colorscale highlights the global increase in Se
content between the samples. Due to the band bowing of CdSeTe
compounds, the bandgap is nearly constant around xSe = 0.4,
and the map of Se concentration cannot be extracted accurately
for the CdSe0.4Te0.6 sample. The Se content was also determined
in homogeneous regions by SEM/EDS, and by STEM/EDS (the
supplementary material, Fig. 4) for the sample CdSe0.2Te0.8. The val-
ues obtained by EDS are less accurate but confirm the trends found
in the maps of the Se concentration. For a nominal Se content of 0.1,
we find an average of xSe = 9% in the CdSeTe region of CL maps,
confirmed by the 12% found by SEM/EDS. For a nominal Se content
of 0.2, a selenium concentration lower than expected is found, with
an average of 14%–15% in the CL map, corroborated by an estima-
tion of 17% by SEM/EDS and 10%–14% by STEM/EDS. The CdSeTe
region of the CdSe0.3Te0.7 sample is more heterogeneous, with an
average xSe of around 20% for both CL and SEM/EDS estimation and
a higher concentration exhibited locally in the CL map [Fig. 3(c)].
Overall, the absolute value of xSe is difficult to estimate precisely, but
the high spectral resolution of CL maps translates into an estimation
of xSe with an accuracy of less than 0.5% for low Se concentrations,
and can be used to study the diffusion of selenium at the nanoscale.

These maps exhibit concentration inhomogeneities at the grain
level in the interdiffusion region. In the CdTe region, a small concen-
tration of Se (about 1%) is found at the grain boundaries. It could be
the signature of higher diffusion coefficients of Se at grain bound-
aries as compared to grain interiors, with a potential impact on the
transport and passivation properties.
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FIG. 3. (a)–(c) Maps of the Se concentration xSe extracted from the CL maps of the peak energy [Figs. 1(i)–1(k)] and Eq. (4) for nominal compositions of the CdSeTe region
of (a) x = 0.1, (b) x = 0.2 and, (c) x = 0.3. White scale bar: 3 μm.

B. Se diffusion along grain boundaries
Selenium diffusion is mainly driven by the CdCl2 annealing and

appears to be favored along GBs.14,17,18 In the following, we use the
Se concentration maps to quantify the gradients of composition in
the vicinity of the interdiffusion region, both in grain interiors and
at grain boundaries, and we assess the diffusion coefficients of Se
in CdTe. We illustrate this analysis for the CdSe0.2Te0.8 sample in

Fig. 4. The map of xSe exhibits a clear increase in the Se concentra-
tion in the GBs of CdTe close to the interdiffusion region [Fig. 4(b)].
Figure 4(c) shows an increase of 1% across a GB. In-depth profiles
of xSe have been extracted from different linescans [colored lines in
Fig. 4(a)], in order to investigate the decrease in the Se concentration
away from the Se-rich region, in grain interiors [Fig. 4(d)], along
GBs [Fig. 4(e)], and along a straight line [Fig. 4(f)]. The signal is

FIG. 4. (a) RT panchromatic map of CdSe0.2Te0.8, where the analyzed line profiles are indicated by the colored dotted lines. (b) Corresponding Se concentration map
emphasizing a higher Se content in GB. (c) Se concentration profile across one of the grain boundaries [white dotted line in (b)]. (d)–(f) Data and fits of selenium concentration
in-depth profiles. The color of the fit matches the indicated lines in (a). The colored dots and the arrows in panel (a) indicate the origin and the positive direction along the
linescan, respectively. The relative depth in (d)–(f) corresponds to the vertical position of pixels in the layer.
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integrated over a width of 250 nm, and the pixel position is translated
into the depth z.

The profiles are fitted with a 1D diffusion model33 that assumes
a constant reservoir of Se at the CdSeTe/CdTe interface, and
we determine the diffusion coefficient D of Se atoms during the
annealing process performed at 420 ○C during t = 10 min,

C(t, z) = C0

2
erfc( z − h

2
√

Dt
), (5)

where erfc is the complementary error function.
For the intragrain diffusion [Fig. 4(d)], care was taken to extract

a profile perpendicular to the interface in a large grain. A bulk diffu-
sion coefficient of D = 1.2 × 10−13 cm2/s is found. The same fitting
procedure leads to a diffusion coefficient six times larger along grain
boundaries, D = 7.8 × 10−13 cm2/s [Fig. 4(e)]. This result confirms
that the diffusion of Se is mainly driven by grain boundaries, and
provides a quantification of the mechanism. The use of a straight
linescan across the depth of the CdTe layer is a simpler way to extract
profiles of xSe [Fig. 4(f)] and results in D = 1.1 × 10−12 cm2/s, close
to the value for GBs.

The same analysis was performed on straight linescans for each
sample with nominal compositional values of x = 0.1, 0.2, and 0.3
in three distinct areas. The results of the diffusion coefficient are
reported in the supplementary material (Table IV and Fig. 5). D
increases with the concentration of Se in the CdSeTe reservoir, from
D = 0.5 × 10−12 cm2/s for x = 0.1 to D = 5 × 10−12 cm2/s for
x = 0.3.

VI. CONCLUSION
Quantitative assessment of the selenium diffusion and passiva-

tion mechanisms in CdSeTe was performed using highly resolved
cathodoluminescence maps. This systematic study with different
selenium contents has shown a strong correlation between the lumi-
nescence intensity and the selenium concentration, with a common
behavior for all samples. The radiative efficiency can be expressed as
a function of the Se concentration with a phenomenological law and
exhibits a ten-fold increase between CdTe and CdSe0.4Te0.6. Using
temperature-dependent CL maps, we have refined the parameters
of the Varshni law and the bowing factors, leading to a relationship
between the bandgap, the temperature, and the Se concentration. It
is used to convert hyperspectral CL maps into maps of the Se con-
centration. Therefore, CL maps provide nanoscale information on
the selenium distribution in a non-destructive manner and enable
the quantification of the Se atom diffusion coefficient both in grain
interiors and at grain boundaries.

Various fabrication processes have been investigated recently
for the deposition of CdSeTe layers with composition gradients.34–36

Our results could guide the development of such processes based
on sequential deposition and annealing. They also give impor-
tant information about the Se profile in CdTe solar cells, which
can be used for more accurate device simulation. These results
demonstrate the potential of cathodoluminescence to map the
optoelectronic properties of polycrystalline semiconductors and to
link the radiative efficiency to the composition of alloys at the
nanoscale.

SUPPLEMENTARY MATERIAL

Additional information includes the determination of the
bandgap and Urbach tail of CdSeTe material, the determination
of the selenium and temperature dependence of the bandgap, and
details on the gradient and diffusion coefficient of selenium in the
CdSeTe/CdTe layers.
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