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Polycrystalline thin-film solar cells are attractive for low-cost photovoltaics, but their efficiencies 
are hindered by material quality issues. State-of-the-art CdTe solar cells use CdCl2 annealing treat-
ments whose effects are still being discovered at a fundamental level. Here, a series of CdTe samples 
with different annealing temperatures is investigated with high-resolution hyperspectral cathodolu-
minescence mapping measured at both room- and low-temperature on the same microscopic areas. 
A statistical analysis over a large number of grains is combined with a local analysis at grain bound-
aries. The results elucidate the dynamic interplay between grain boundary and intragrain defect 
passivation and formation, in the midst of grain growth. The CdCl2 annealing initially contributes 
to an increase of the grain size and the passivation of both grain boundaries and grain interiors, 
increasing the overall luminescence and diffusion length. For higher annealing temperatures, a fur-
ther increase of grain size is counterbalanced by the rise of bulk defects. The results illustrate the 
tradeoffs that lead to an optimal annealing temperature, as well as new methods for understanding 
defect passivation and creation in thin film solar cells. 
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I. INTRODUCTION

Polycrystalline thin films based on Cu(In,Ga)(S,Se)2
(CIGS) and CdTe are attractive options for low-cost 
photovoltaics.[1] These films only need to be a few mi-
crons thick due to high absorption coefficients, and they 
can be deposited rapidly, enabling high-throughput man-
ufacturing. However, thin-film solar cell efficiencies have 
yet to reach levels (relative to theoretical limits) achieved 
by monocrystalline solar cells based on silicon or GaAs. 
Limitations are ascribed to the very nature of polycrys-
talline thin films: the limited grain size, the detrimen-
tal role of grain boundaries, bulk defects, and difficulty 
controlling carrier concentration. [2–5] The development 
of post-deposition treatments has enabled tremendous 
improvements of the material quality and doping lev-
els. [6–10] These treatments involve annealing in the 
presence of extrinsic elements like alkali in the case of 
CIGS, and chlorine for CdTe, for instance. Annealing of 
CdTe thin films in CdCl2 atmosphere provides an essen-
tial boost to CdTe device efficiency. [11–15] While much 
is known about CdCl2’s transformative effects-e.g., re-
crystallization, grain growth, and grain boundary passi-
vation [12, 16–19]-much can still be learned at a more 
fundamental level. 

Grain boundaries (GBs) are highly defective regions 
that can enhance non-radiative recombination and reduce 
the power-conversion efficiency of polycrystalline solar 
cells. Cathodoluminescence (CL) contrast data on CdTe 
thin films indicate GB recombination velocities on the 

−1order of 105 − 106cm.s . [2, 20] Kelvin probe force mi-
croscopy, [21] electron-beam-induced current, [22–24] and 

other microscopic measurements [25] have shown that 
GBs can develop electrostatic potentials on the order of 
50 to 100 mV that attract and channel minority carriers 
to the pn junction. According to numerical simulations, 
these potentials can provide a small increase in current 
collection, but they also increase recombination in for-
ward bias and reduce the open-circuit voltage (Voc). The 
overall tradeoff for efficiency is predicted to be negative 
for GB recombination velocity and potential values that 
are consistent with measurements. [26] 

The grain size is a critical parameter determining the 
magnitude of GB performance impacts. For example, 
the Voc is predicted to vary as the natural logarithm 
of the grain size (assuming columnar grains that are 
not fully depleted). [14, 27] The potential to improve 
Voc through increasing grain size was demonstrated by 
monocrystalline CdTe solar cells. [4, 25, 28] These cells 
achieved Voc> 1 V, which is substantially above the high-
est reported value for polycrystalline cells. [29, 30] Unfor-
tunately, the epitaxial and bulk-crystal growth methods 
used for these monocrystalline cells are not compatible 
with high-throughput manufacturing. 

Variations of typical thin film processing-that are man-
ufacturing compatible-have produced films with rela-
tively large grains. These include (1) increasing the 
O2 partial pressure during CdTe deposition [7, 31] and 
(2) increasing the temperature or duration of the post-
deposition CdCl2 annealing step. [14, 15, 32] To date,
both of these strategies found Voc peaks that did not co-
incide with the maximum grain size. [13, 14] These results
indicate that there are other factors besides GB recom-
bination, such as grain interior (GI) or interface defects,
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that limit performances in large-grain films produced by 
these strategies. For instance, an optimal CdCl2 anneal-
ing temperature around 390-430◦C is used in state-of-the-
art polycrystalline CdTe and CdSeTe solar cells. [14, 32– 
34] 
In this work, we use cathodoluminescence (CL) spec-

trum imaging to study CdTe thin films for a range of 
CdCl2 annealing temperatures and grain sizes. We col-
lect room- and low-temperature CL maps on the very 
same microscopic areas of samples annealed under differ-
ent CdCl2 temperatures (400◦C, 420◦C, 440◦C, 460◦C) 
and as-deposited. By combining local and statistical 
analyses, we describe the impact of the annealing tem-
perature on the passivation and formation of defects at 
the grain boundaries and in the grain interiors. Our re-
sults highlight the importance of GI defects to realizing 
the performance gains possible with larger grains. 

II. EXPERIMENTAL DETAILS 

A. Sample preparation 

Superstrate solar cells with the structure 
glass/SnO2:F/MgxZn1-xO/CdTe were fabricated. 
100 nm-thick MgxZn1-x films were deposited on SnO2:F-
coated soda-lime glass (commercial TEC 12D) by 
radio-frequency magnetron sputtering using a mixed-
oxide target with composition 11wt% MgO/89wt% 
ZnO. CdTe layers were grown to thicknesses of 4-
5 mm by close-spaced sublimation (CSS) using 600◦C 
substrate/660◦C source temperatures in a 20% O2 

ambient. CdCl2 annealing treatments were performed 
by CSS over a range of CdCl2 source temperatures: 
400◦C-460◦C. CdTe surfaces were flattened for CL by 
glancing angle Ar+-ion milling using 3 kV voltage in a 
JEOL Cross-Section polisher tool. 

B. Cathodoluminescence 

CL measurements were performed in an Attolight 
Chronos CL-scanning electron microscope (SEM) sys-
tem. Luminescence was collected by an achromatic re-
flective objective (numerical aperture 0.72) that pro-
vides constant collection efficiency over a field of view 
of about 150 mm in diameter. The acceleration volt-
age of the electron beam was set to 6 kV, and the cur-
rent of 2 nA was kept constant within less than 5%. 
The constant excitation and collection efficiencies dur-
ing the whole experiments allowed for a quantitative 
comparison of the luminescence emitted from the dif-
ferent samples. At 6 keV, CASINO simulation shows 
that 75% and 95% of carriers are generated in a pear-
shaped excitation volume within a radius of approxi-
mately 25 nm and 75 nm, respectively. Luminescence 
spectra were dispersed with a Horiba diffraction grating 
(150 grooves/mm) and recorded with an Andor Newton 

charge-coupled device (CCD) camera (1024×256 pixels, 
pixel width 26 mm). The corresponding spectral dis-
persion was 0.53 nm per pixel. Luminescence spectra 
were corrected for the diffraction efficiency of the grat-
ing and the sensitivity of the CCD camera. The Lu-
minescence intensity described in the text corresponds 
to a spectral density of photon flux per unit of energy 
(counts.s−1eV −1). 

III. RESULTS AND DISCUSSION 

A. Room-temperature CL maps 

The panchromatic CL maps measured at room tem-
perature on the 5 samples are plotted in Figure 1 (a-e) 
using a common linear intensity scale. The polycrys-
talline nature of the CdTe thin films is clear. Low in-
tensity (dark) regions correspond to grain boundaries 
(GBs), [35] where non-radiative recombination is en-
hanced (due to high mis-orientation between grains and 
dangling bonds). [36, 37] Grain interiors (GIs) appear as 
brighter areas. 
For the as-deposited CdTe Figure 1 (a), the CL map 

shows small grains with an average equivalent diameter 
of ∼ 1.2 mm. This sample also exhibits very inhomoge-
neous CL intensities, with stronger emission from larger 
grains. For CdCl2 treated films, the average grain size 
increases from 1.4 mm to 3.2 mm for CdCl2 anneals rang-
ing from 400◦C Figure 1 (b) to 460◦C Figure 1 (e). This 
progression correlates with an improved CL homogene-
ity. Interestingly, the highest CL intensity is observed 
for an annealing temperature of 420◦C, rather than the 
larger grains obtained at 460◦C. 

A statistical analysis of the CL intensities measured on 
each map is presented in Figure 1 (f-j). The histograms 
(in grey) show the pixel counts as a function of the lu-
minescence intensity. Interestingly, they exhibit two dis-
tinct families, which we identify as GBs (low-intensity 
peak) and GIs (high-intensity peak). In Figure 1 (f-
h), the histograms are accurately fit with the sum of 
2-Gaussian functions (red curves) defined by the mean 
intensities (IGI and IGB ), standard deviations (σGI and 
σGB ), and amplitudes (NGI and NGB ). In Figure 1 (i) 
and Figure 1 (j), the GI peaks are much narrower and 
the two families no longer overlap. The upper and lower 
parts of the histograms are fit separately by 1-Gaussian 
functions, allowing for a third family with intermediate 
intensities. The fit parameters are given in Table I. They 
provide a convenient way to assess quantitatively the im-
pact of the CdCl2 annealing on the CdTe luminescence 
properties. 
The evolution of the mean CL intensities IGI and IGB 

is shown in Figure 2. The intensity IGB increases with 
the annealing temperature up to 420◦C, indicating a par-
tial passivation of the non-radiative grain boundary de-
fects. [2, 20] Notably, no further improvement of IGB is 
seen for temperatures above 420◦C. This passivation is 
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FIG. 1. Panchromatic CL maps (128×128 pixels) of CdTe samples with different CdCl2 annealing treatments: (a) as-deposited, 
(b) 400◦C, (c) 420◦C, (d) 440◦C and (e) 460◦C. All images have been normalized on the same gray scale. (Scale bar: 5 mm). 
On the right, room-temperature intensity histograms for each sample with a 2-Gaussian function fit for (f) as-deposited, (g) 
400◦C, (h) 420◦C, (i) 440◦C and (j) 460◦C CdCl2 treatments. 

likely due to the diffusion and accumulation of chlorine 
atoms at the grain boundaries, as observed by TOF-SIMS 
after CdCl2 annealing at similar temperatures [38, 39]. 
Segregation of Cl at grain boundaries has also been evi-
denced by STEM [40]. According to Density Functional 
Theory (DFT) simulation, substitution of Te by Cl (ClTe) 
is energetically favoured in a very narrow region around 
the GB. It may passivate interfacial states [36] and re-
sult in a charge accumulation [40]. Cl atoms can also 
diffuse deeper into the grain interiors [38, 41]. The deep-
level defects due to cadmium vacancies (VCd) may be 

replaced by (ClTe-VCd) complexes that act as shallow ac-
ceptors [38, 42]. Low-temperature CL experiments shown 
in section III B will provide more insight into the dynam-
ics of shallow defects during the CdCl2 annealing. 

The same trend is found for IGI , with the brightest 
grains observed at 420◦C. For higher annealing tempera-
tures, the luminescence is more homogeneous in the GIs 
(Figure 1 (d) and Figure 1 (e)), which correlates with 
narrower intensity distributions (Figure 1 (i) and Fig-
ure 1 (j)) and a slight decrease in IGI . The behavior is 
related to the appearance of regions with intermediate lu-
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Sample Mean value Standard deviation Mean value Standard deviation Grain diameter Characteristic length 

IGB σGB IGI σGI (mm) (mm) 

As-deposited 0.85 0.24 1.69 0.56 1.45(0.39) 0.24 

400◦C 1.00 0.26 1.93 0.56 1.74(0.5) 0.27 

420◦C 1.43 0.27 2.81 0.42 1.77(0.47) 0.34 

440◦C 1.41 0.28 2.83 0.21 1.9(0.58) 0.29 

460◦C 1.34 0.25 2.58 0.19 3.19(0.84) 0.22 

TABLE I. Fitting parameters of each family of pixels (grain boundary and grain interior) using two Gaussian functions, see 
Figure 1. The values are normalized to the mean value of IGB obtained for the sample annealed at 400◦C. An average grain 
area is determined for each sample, and expressed using the grain diameter of a circle of same area. The average characteristic 
length (Lcharac) is determined by fitting the luminescence decay close to grain boundaries with Equation 1 - see Figure 3. 
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FIG. 2. Plot of the evolution of the IGI and IGB intensity 
values as a function of the CdCl2 annealing temperature. The 
colored areas show the standard deviations (σGI , σGB ) of the 
gaussian distributions fitted in Fig. 1(f-j) for both GI and GB 
pixel families. 

minescence intensity. In the Appendix, the CL maps are 
plotted with false colors to show the spatial distribution 
of each family: low intensity at GBs (blue), high intensity 
in the GIs (green), and intermediate intensity (red). For 
the higher annealing temperatures (440◦C and 460◦C), 
this third family emerges in grain interiors. Overall, these 
results are consistent with a decrease in the defect den-
sity in grain interiors for annealing temperatures up to 
420◦C and the appearance of new defective regions for 
higher temperatures. 
The decrease of the CL intensity close to GBs provides 

insight into the impact of the defect densities on carrier 
diffusion lengths. This analysis was performed with an-
other series of CL maps recorded in other areas of the 
same samples but with a higher spatial resolution (256 x 
256 pixels over 30 mm x 30 mm). They allow a more ac-
curate investigation of the diffusion lengths. Figure 3 (a) 
shows a detailed region of a CL map and a CL profile 
around a GB Figure 3 (b). It can be fit with a simple 
one-dimensional diffusion model [43–46] describing the 
decay of the luminescence intensity from the grain in-
terior (xGI > 0) towards the grain boundary (x = 0). 

The model considers a characteristic length Lcharac and 
a reduced surface recombination velocity S at the grain 
boundary (S = s × τ/Lcharac with s the recombination 
velocity at GB and τ the intragrain lifetime): 

I(x) S x 
ln(1 − ) = − (1)

I(xGI ) S + 1 Lcharac 

Lcharac equals the diffusion length if recombination at 
the top and bottom surfaces is negligible. (Equation (1)) 
is used to fit the decay of the luminescence close to GBs-
see Figure 3 (b). The results obtained for the full set 
of samples are shown in Figure 3 (c). Lcharac is found 
to increase with the annealing temperature up to 420◦C 
and to decrease for higher temperature. This is consis-
tent with the evolution of the grain interior intensity IGI . 
The larger standard deviation obtained for 420◦C reflects 
the heterogeneous CL intensity between grains observed 
in Figure 1. The longer Lcharac correspond to brighter 
grains, with values above 0.6 mm. 
In summary, room-temperature panchromatic CL 

maps show the positive effect of the annealing for tem-
peratures up to 420◦C, with a partial passivation of grain 
boundary defects (increased CL intensity IGB ) and an 
improvement of the radiative efficiency in grain interiors 
(IGI ). At higher temperatures, the detrimental impact of 
the annealing under CdCl2 is observed with the decreased 
luminescence IGI and a lower Lcharac, which may be due 
an increased density of defects in grain interiors. 

B. Low-temperature CL maps 

To gain insight into the role of defects on both the lu-
minescence and characteristic length, we have collected 
low-temperature (LT) CL maps (holder temperature 10 
K) on the same areas as the room-temperature maps. We 
first present results for the as-deposited sample in Fig-
ure 4. The CL spectrum averaged over the full 128 × 128 
pixels area is plotted in Figure 4 (a). Three spectral 
bands are clearly identified: the excitonic band with a 
peak at 1.596 eV [47], and two defect bands at lower en-
ergies. The low-energy band around 1.25-1.4 eV is the 
Z-band defect ascribed to donor-acceptor pair recombi-
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FIG. 3. (a,b) Sample annealed under CdCl2 at 400◦C: 
panchromatic CL map of a close view (a), and line-scan ex-
ample of the CL intensity through a GB (b). The CL in-
tensity profile (black dots) is fitted with exponential func-
tions (Equation 1, red and orange curves). (c) Characteristic 
lengths (Lcharac) determined across 5 different grain bound-
aries (black dots) for each sample, and mean values and stan-
dard deviations (red). 

nation between shallow donors and deep acceptors (VCd 

vacancies) [48]. The band at 1.45-1.5 eV is attributed to 
A-center defects induced by complexes formed between 
VCd and shallow donors [9, 42, 47]. The presence of A-
centers on the as-deposited sample may be explained by 
the presence of impurities such as O or Cu. These de-
fect bands have been widely studied in low-temperature 
photoluminescence experiments [9, 42, 46–48]. 
Here, we investigate their spatial distribution over a 

large number of grains with high-resolution, as shown 
in Figure 4(b). False colors are attributed to the three 
spectral bands, and the color indicates the predominant 
recombination process, either through the excitonic tran-
sition (green) or a defect level (red and blue). Interest-
ingly, A- and Z-bands are found in different grains with 
no or very little overlap. This is consistent with the ori-
gin of these defects related to cadmium vacancies alone 
(Z-band), or that form complexes with shallow donors 
(A-band). Only one of the two luminescence bands is ob-
served in each grain, and in most grains, the predominant 
emission is uniformly distributed in the grain interior. 
What is the effect of thermal processes on these de-

fects? Annealing CdTe thin films in a CdCl2 ambient 
is well known to strongly improve solar cell performance 
through a decrease of non-radiative recombination. How-
ever, the evolution of the defect bands upon annealing 
and the mechanisms that lead to an optimal tempera-
ture are not fully understood. In the following, we study 
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FIG. 4. (a) Low-temperature (10 K) average CL spec-
trum (128×128 pixels) for the as-deposited sample. (b) 
Low-temperature CL map with false colors showing the lu-
minescence integrated over three different spectral regions: 
blue [1.27 eV, 1.39 eV], red [1.45 eV, 1.51 eV], and green 
[1.57 eV,1.63 eV]. For each pixel, the integrated intensity of 
each band is normalized by the intensity integrated over the 
full spectral range. Scale bar: 5 mm. 

the impact of the annealing at different temperatures on 
the nature, density and spatial distribution of the defects. 
CL maps have been measured at low temperature over 

the very same area as previous RT maps and are com-
pared in Figure 5. This allows a direct comparison be-
tween the radiative properties and characteristic lengths 
investigated at room temperature with the defects re-
vealed by low-temperature measurements. The LT CL 
spectra averaged over the whole maps are shown in Fig-
ure 5 (a) for the different annealing temperatures, T. 
Contrary to the as-deposited thin film, they exhibit a 
single defect band in the 1.35-1.5 eV spectral range. The 
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disappearance of the Z-band can be attributed to the 
passivation effect of the VCd by the Cl introduced during 
the CdCl2 treatment. 

The intensity of each emission band varies with the 
annealing temperature. The luminescence of the exci-
tonic band increases monotonically with T, with a slight 
red-shift of the peak energy, as shown in Figure 5 (a) 
and Figure 5 (b). On the contrary, we observe a de-
crease of the emission through the defect band by a fac-
tor of more than two when T is increased from 400◦C 
to T=420◦C. The spatial distribution of these defects is 
shown in Figure 5 (k) and Figure 5 (l), respectively. At 
T=400◦C, the defect density seems to be homogeneous 
within each grain, and we observe strong variations from 
one grain to another with no obvious correlation with the 
grain size. At T=420◦C, the emission is strongly reduced 
and is much more homogeneous (see Figure 5 (l). This 
is consistent with the higher luminescence in the room 
temperature measurements, Figure 5 (d). 
For annealing at higher temperatures, the LT CL maps 

clearly reveal an increase in the defect density (see Fig-
ure 5 (m-n) and the integrated CL intensity in Fig-
ure 5 (b). We observe a higher luminescence of the de-
fect band in the grain interiors, in particular in larger 
grains. This phenomenon is consistent with the diffusion 
of more Cl into grain interiors at the higher annealing 
temperatures, forming ClTe defects. Cl concentrations of 
1−5×1016 cm−3 have been found in the grain interiors for 
similar CdCl2 annealing processes [9, 38]. As explained 
above, at low concentration ClTe form complexes with 
VCd and thereby eliminate deep levels. Interestingly, our 
results suggest that above a certain threshold, Cl may 
form isolated ClTe defects that contribute to an increase 
of the LT A-band emission with a detrimental effect on 
RT luminescence in the GI. We also note a change of 
the width and shape of the A-band for different temper-
atures, which may conceal different defect contributions. 
For the highest annealing temperature of T=460◦C, 

the growth of large grains results in more visible struc-
tural defects due to twin boundaries (lines) and disloca-
tions (dark dots). They are evidenced by grey regions in 
the LT CL maps (Figure 5 (j,n), which can be distin-
guished from grain boundaries with lower luminescence. 
These structural defects are also responsible for regions 
with lower luminescence at room-temperature, [35] as ob-
served in Figure 5 (f) and Figure 6 (red regions in grain 
interiors corresponding to the intermediate family of pix-
els in Figure 5 (d,e). These structural defects do not con-
tribute significantly to the A-band emission and do not 
explain the higher defect concentration in grain interiors 
for temperatures above 420◦C. 

IV. CONCLUSION 

We presented high-resolution cathodoluminescence 
maps measured at both room- and low-temperature on 
the same microscopic area for as-deposited samples and 

samples annealed at different temperatures. For temper-
atures up to 420◦C, we have shown that the CdCl2 an-
nealing contributes to the passivation of both GBs and 
GIs defects. This correlates with an increase of the grain 
size, of the GI diffusion lengths and of the overall lumines-
cence. Beyond 420◦C, the grain size continues to increase 
without additional passivation of GBs. In contrast, the 
higher annealing temperature is responsible for an in-
crease of the bulk defect density and a decrease of both 
the GI luminescence and the diffusion length. Hence, the 
optimal temperature is the result of a trade-off between 
GB passivation, grain size, and GI defect density. 
Dislocations (line defects) and stacking faults (planar 

defects) are more visible for the higher annealing tem-
peratures. They are correlated with a lower lumines-
cence, but not with an increase of the A-band emission. 
The formation and the nature of these structural defects 
and their detrimental effect on the luminescence are still 
unclear. Additional characterization based on transmis-
sion electron microscopy (TEM) or electron backscatter 
diffraction (EBSD) microscopy correlated with CL maps 
could help answering these questions. 
Post-deposition treatments are important to improve 

the quality of polycrystalline photovoltaic thin films such 
as CdTe and Cu(In,Ga)(Se,S)2. We have shown that RT 
and LT high-resolution cathodoluminescence maps can 
be used to correlate the transport and radiative proper-
ties to the density of defects. Combining high-resolution 
CL maps with time-resolved photoluminescence (PL) ex-
periments could provide additional insights in the physics 
of charge carrier dynamics in polycrystalline CdTe thin 
films. However, linking macroscopic PL measurements 
with the nanoscopic properties probed by CL remains a 
challenging task. It requires advanced modelling to ac-
count for the complex phenomena occurring in individual 
grains and the inhomogeneity of thin films. 

Appendix 

Figure 6(a-e) shows the RT CL maps plotted in Fig-
ure 1 with colors defined according to the CL intensity 
for each pixel, as shown in the histograms (f-j). It high-
lights the three different families of pixels: grain interiors 
in green, grain boundaries in blue, and an intermediate 
family of defect regions in red, which appears for the 
higher annealing temperatures. 

ACKNOWLEDGMENTS 

This work was authored in part by the Alliance for 
Sustainable Energy, LLC, the manager and operator of 
the National Renewable Energy Laboratory for the U.S. 
Department of Energy (DOE) under Contract No. DE-
AC36-08GO28308. Funding provided by the U.S. De-
partment of Energy’s Office of Energy Efficiency and Re-
newable Energy (EERE) under Solar Energy Technolo-

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



7 

Energy (eV)
1.2 1.3 1.4 1.5 1.6

1014

1013

1012

400°C 
420°C
440°C
460°C

C
L 

In
te

ns
ity

 
(a

rb
.u

ni
ts

) 
(a)

C
L 

In
te

gr
at

ed
 In

te
ns

ity
 

(a
rb

.u
ni

ts
) 

(b)

400°C 420°C 440°C 460°C
0

4

8

12

2

6

10

14

Defects
Exciton

0

4

0

20
0

8

R
T

 C
L Intensity

LT
 C

L Intensity
E

xciton
LT

 C
L Intensity

D
efects

(d) (e) (f)

(g) (h) (i) (j)

(k) (l) (m) (n)

(c)

FIG. 5. (a) Low-temperature (10 K) average CL spectra for CdCl2 samples annealed at different temperatures. Spectra are 
extracted from LT CL maps (128×128 pixels). (b) CL intensity (LT) integrated over the [1.361 eV, 1.505 eV] and [1.544 eV, 
1.631 eV] for the defect and exciton bands, respectively. The same integrated ranges are used in the CL maps (g-n). (c-n) 
CL maps (101×101 pixels) measured at room-temperature (c-f) and low-temperature (g-n) at the same position for each CdTe 
sample annealed at CdCl2 treatment temperature of 400◦C (c),(g),(k), 420◦C (d),(h),(l), 440◦C (e),(i),(m) and 460◦C (f),(j),(n). 
For LT CL maps, the intensity is integrated on the exciton (f-i) or defect (j-m) spectral range. Scale bar: 5 mm. 

gies Office (SETO) Agreement No. 34353. The views expressed in the article do not necessarily represent the 
views of the DOE or the U.S. Government. 

[1] M. Powalla, S. Paetel, E. Ahlswede, R. Wuerz, C. D. cells exceeding 22% solar cell efficiency: An overview on 
Wessendorf, and T. Magorian Friedlmeier, Thinfilm solar 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



8 

(a) (b)

(c) (d)

(e)

(g)

(j)

(h)

(i)

pi
xe

l c
ou

n
ts(f)

Intensity (arb.units)

Intensity (arb.units)

Intensity (arb.units)

Intensity (arb.units)

Intensity (arb.units)

FIG. 6. RT CL maps (a-e) and corresponding histograms of the pixel counts as a function of the CL intensity (f-j): (a)(f) 
as-deposited, (b)(g) 400◦C, (c)(h) 420◦C, (d)(i) 440◦C and (e)(j) 460◦C. Different colors are attributed to the three families: 
grain boundaries for the low-intensity peak (blue, intensity range [0;IGB + σGB ]), grain interiors for the high-intensity peak 
(green, intensity range [IGI −σGI ; ∞]), and an intermediate family (red, intensity range ]IGB +σGB ;IGI −σGI [. The parameters 
(IGB ,σGB ) and (IGI ,σGI ) were fitted with Gaussian functions as described in the text, and given in Table I. The samples and 
measurement data are identical to Figure 2. 

CdTe-, Cu(In,Ga)Se 2 -, and perovskite-based materials, 
Applied Physics Reviews 5, 041602 (2018). 

[2] A. Kanevce, J. Moseley, M. Al-Jassim, and W. K. Met-
zger, Quantitative Determination of Grain-Boundary Re-
combination Velocity in CdTe by Cathodoluminescence 
Measurements and Numerical Simulations, IEEE Journal 
of Photovoltaics 5, 1722 (2015). 

[3] A. Kanevce, M. O. Reese, T. M. Barnes, S. A. Jensen, and 
W. K. Metzger, The roles of carrier concentration and in-
terface, bulk, and grain-boundary recombination for 25% 
efficient CdTe solar cells, Journal of Applied Physics 121, 
214506 (2017). 

[4] J. M. Burst, J. N. Duenow, D. S. Albin, E. Colegrove, 
M. O. Reese, J. A. Aguiar, C.-S. Jiang, M. Patel, M. M. 
Al-Jassim, D. Kuciauskas, S. Swain, T. Ablekim, K. G. 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://doi.org/10.1063/1.5061809
https://doi.org/10.1109/JPHOTOV.2015.2478061
https://doi.org/10.1109/JPHOTOV.2015.2478061
https://doi.org/10.1063/1.4984320
https://doi.org/10.1063/1.4984320


9 

Lynn, and W. K. Metzger, CdTe solar cells with open-
circuit voltage breaking the 1 V barrier, Nature Energy 
1, 16015 (2016). 

[5] J. D. Major, Grain boundaries in CdTe thin film solar 
cells: a review, Semiconductor Science and Technology 
31, 093001 (2016). 

[6] J. D. Major, M. Al Turkestani, L. Bowen, M. Brossard, 
C. Li, P. Lagoudakis, S. J. Pennycook, L. J. Phillips, 
R. E. Treharne, and K. Durose, In-depth analysis of chlo-
ride treatments for thin-film CdTe solar cells, Nature 
Communications 7, 13231 (2016). 

[7] K. Akimoto, H. Okuyama, M. Ikeda, and Y. Mori, Oxy-
gen doping in CdTe, CdS and ZnS, Journal of Crystal 
Growth 117, 420 (1992). 

[8] N. Armani, G. Salviati, L. Nasi, A. Bosio, S. Mazzamuto, 
and N. Romeo, Role of thermal treatment on the lumi-
nescence properties of CdTe thin films for photovoltaic 
applications, Thin Solid Films 515, 6184 (2007). 

[9] V. Consonni and G. Feuillet, Correlated structural re-
ordering and dopant redistribution in annealed polycrys-
talline CdTe, Journal of Applied Physics 105, 083535 
(2009). 

[10] H. Guthrey, J. Moseley, J. Nishinaga, H. Shibata, 
H. Takahashi, and M. Al-Jassim, Spatially Resolved Re-
combination Analysis of CuIn x Ga 1-x Se 2 Absorbers 
With Alkali Postdeposition Treatments, IEEE Journal 
of Photovoltaics 8, 1833 (2018). 

[11] R. Hajimammadov, N. Fathi, A. Bayramov, G. Khry-
punov, N. Klochko, and T. Li, Effect of CdCl 2 Treat-
ment on Properties of CdTe-Based Solar Cells Prepared 
by Physical Vapor Deposition and Close-Spaced Subli-
mation Methods, Japanese Journal of Applied Physics 
50, 05FH01 (2011). 

[12] M. Nakamura, K. Yamaguchi, Y. Kimoto, Y. Yasaki, 
T. Kato, and H. Sugimoto, Cd-Free Cu(In,Ga)(Se,S) 2 

Thin-Film Solar Cell With Record Efficiency of 23.35%, 
IEEE Journal of Photovoltaics 9, 1863 (2019). 

[13] K. Nakamura, T. Fujihara, T. Toyama, and H. Okamoto, 
Influence of CdCl 2 Treatment on Structural and Electri-
cal Properties of Highly Efficient 2-m-Thick CdS/CdTe 
Thin Film Solar Cells, Japanese Journal of Applied 
Physics 41, 4474 (2002). 

[14] M. M. Nowell, M. A. Scarpulla, N. R. Paudel, K. A. 
Wieland, A. D. Compaan, and X. Liu, Characterization 
of Sputtered CdTe Thin Films with Electron Backscat-
ter Diffraction and Correlation with Device Performance, 
Microscopy and Microanalysis 21, 927 (2015). 

[15] M. Amarasinghe, E. Colegrove, J. Moseley, H. Moutinho, 
D. Albin, J. Duenow, S. Jensen, J. Kephart, W. Sam-
path, S. Sivananthan, M. Al-Jassim, and W. K. Metzger, 
Obtaining Large Columnar CdTe Grains and Long Life-
time on Nanocrystalline CdSe, MgZnO, or CdS Layers, 
Advanced Energy Materials 8, 1702666 (2018). 

[16] W. K. Metzger, D. Albin, M. J. Romero, P. Dippo, and 
M. Young, CdCl2 treatment, S diffusion, and recombina-
tion in polycrystalline CdTe, Journal of Applied Physics 
99, 103703 (2006). 

[17] H. R. Moutinho, R. G. Dhere, M. J. Romero, C.-S. Jiang, 
B. To, and M. M. Al-Jassim, Electron backscatter diffrac-
tion of CdTe thin films: Effects of CdCl2 treatment, 
Journal of Vacuum Science & Technology A: Vacuum, 
Surfaces, and Films 26, 1068 (2008). 

[18] J. Mendoza-Alvarez, J. Gonzlez-Hernndez, F. Snchez-
Sinencio, O. Zelaya, and S. Chao, Luminescence and par-

ticle size in microcrystalline CdTe thin films, Journal of 
Crystal Growth 86, 391 (1988). 

[19] J. Lee, Effects of heat treatment of vacuum evaporated 
CdCl2 layer on the properties of CdS/CdTe solar cells, 
Current Applied Physics 11, S103 (2011). 

[20] J. Moseley, P. Rale, S. Collin, E. Colegrove, H. Guthrey, 
D. Kuciauskas, H. Moutinho, M. Al-Jassim, and W. K. 
Metzger, Luminescence methodology to determine grain-
boundary, grain-interior, and surface recombination in 
thin-film solar cells, Journal of Applied Physics 124, 
113104 (2018). 

[21] C. Jiang, H. Moutinho, J. Moseley, A. Kanevce, 
J. Duenow, E. Colegrove, C. Xiao, W. Metzger, and 
M. Al-Jassim, Simultaneous Examination of Grain-
Boundary Potential, Recombination, and Photocurrent 
in CdTe Solar Cells Using Diverse Nanometer-Scale 
Imaging, in 2017 IEEE 44th Photovoltaic Specialist Con-
ference (PVSC) (IEEE, Washington, DC, 2017) pp. 
1312–1316. 

[22] J. D. Poplawsky, N. R. Paudel, C. Li, C. M. Parish, 
D. Leonard, Y. Yan, and S. J. Pennycook, Direct Imaging 
of Cl- and Cu-Induced Short-Circuit Efficiency Changes 
in CdTe Solar Cells, Advanced Energy Materials 4, 
1400454 (2014). 

[23] J. D. Poplawsky, C. Li, N. R. Paudel, W. Guo, Y. Yan, 
and S. J. Pennycook, Nanoscale doping profiles within 
CdTe grain boundaries and at the CdS/CdTe interface 
revealed by atom probe tomography and STEM EBIC, 
Solar Energy Materials and Solar Cells 150, 95 (2016). 

[24] S. Galloway, P. Edwards, and K. Durose, Characterisa-
tion of thin film CdS/CdTe solar cells using electron and 
optical beam induced current, Solar Energy Materials 
and Solar Cells 57, 61 (1999). 

[25] R. Cohen, V. Lyahovitskaya, E. Poles, A. Liu, and 
Y. Rosenwaks, Unusually low surface recombination and 
long bulk lifetime in n -CdTe single crystals, Applied 
Physics Letters 73, 1400 (1998). 

[26] W. K. Metzger and M. Gloeckler, The impact of charged 
grain boundaries on thin-film solar cells and characteri-
zation, Journal of Applied Physics 98, 063701 (2005). 

[27] S. A. Jensen, J. M. Burst, J. N. Duenow, H. L. Guthrey, 
J. Moseley, H. R. Moutinho, S. W. Johnston, A. Kanevce, 
M. M. Al-Jassim, and W. K. Metzger, Long carrier life-
times in large-grain polycrystalline CdTe without CdCl2, 
Applied Physics Letters 108, 263903 (2016). 

[28] J. M. Burst, J. N. Duenow, A. Kanevce, H. R. Moutinho, 
C. S. Jiang, M. M. Al-Jassim, M. O. Reese, D. S. Al-
bin, J. A. Aguiar, E. Colegrove, T. Ablekim, S. K. 
Swain, K. G. Lynn, D. Kuciauskas, T. M. Barnes, and 
W. K. Metzger, Interface Characterization of Single-
Crystal CdTe Solar Cells With VOC > 950 mV, IEEE 
Journal of Photovoltaics 6, 1650 (2016). 

[29] D. Kuciauskas, P. Dippo, A. Kanevce, Z. Zhao, L. Cheng, 
A. Los, M. Gloeckler, and W. K. Metzger, The impact 
of Cu on recombination in high voltage CdTe solar cells, 
Applied Physics Letters 107, 243906 (2015). 

[30] W. K. Metzger, S. Grover, D. Lu, E. Colegrove, J. Mose-
ley, C. L. Perkins, X. Li, R. Mallick, W. Zhang, R. Ma-
lik, J. Kephart, C.-S. Jiang, D. Kuciauskas, D. S. Albin, 
M. M. Al-Jassim, G. Xiong, and M. Gloeckler, Exceeding 
20% efficiency with in situ group V doping in polycrys-
talline CdTe solar cells, Nature Energy 10.1038/s41560-
019-0446-7 (2019). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://doi.org/10.1038/nenergy.2016.15
https://doi.org/10.1038/nenergy.2016.15
https://doi.org/10.1088/0268-1242/31/9/093001
https://doi.org/10.1088/0268-1242/31/9/093001
https://doi.org/10.1038/ncomms13231
https://doi.org/10.1038/ncomms13231
https://doi.org/10.1016/0022-0248(92)90787-J
https://doi.org/10.1016/0022-0248(92)90787-J
https://doi.org/10.1016/j.tsf.2006.12.080
https://doi.org/10.1063/1.3112019
https://doi.org/10.1063/1.3112019
https://doi.org/10.1109/JPHOTOV.2018.2863567
https://doi.org/10.1109/JPHOTOV.2018.2863567
https://doi.org/10.1143/JJAP.50.05FH01
https://doi.org/10.1143/JJAP.50.05FH01
https://doi.org/10.1109/JPHOTOV.2019.2937218
https://doi.org/10.1143/JJAP.41.4474
https://doi.org/10.1143/JJAP.41.4474
https://doi.org/10.1017/S143192761500077X
https://doi.org/10.1002/aenm.201702666
https://doi.org/10.1063/1.2196127
https://doi.org/10.1063/1.2196127
https://doi.org/10.1116/1.2841523
https://doi.org/10.1116/1.2841523
https://doi.org/10.1016/0022-0248(90)90749-B
https://doi.org/10.1016/0022-0248(90)90749-B
https://doi.org/10.1016/j.cap.2010.11.099
https://doi.org/10.1063/1.5042532
https://doi.org/10.1063/1.5042532
https://doi.org/10.1109/PVSC.2017.8366391
https://doi.org/10.1109/PVSC.2017.8366391
https://doi.org/10.1002/aenm.201400454
https://doi.org/10.1002/aenm.201400454
https://doi.org/10.1016/j.solmat.2016.02.004
https://doi.org/10.1016/S0927-0248(98)00168-8
https://doi.org/10.1016/S0927-0248(98)00168-8
https://doi.org/10.1063/1.122169
https://doi.org/10.1063/1.122169
https://doi.org/10.1063/1.2042530
https://doi.org/10.1063/1.4954904
https://doi.org/10.1109/JPHOTOV.2016.2598274
https://doi.org/10.1109/JPHOTOV.2016.2598274
https://doi.org/10.1063/1.4938127
https://doi.org/10.1038/s41560-019-0446-7
https://doi.org/10.1038/s41560-019-0446-7


10 

[31] E. Regalado-Prez, M. G. Reyes-Banda, and X. Mathew, 
Influence of oxygen concentration in the CdCl 2 treat-
ment process on the photovoltaic properties of CdTe/CdS 
solar cells, Thin Solid Films 582, 134 (2015). 

[32] M. Amarasinghe, S. Sivananthan, W. K. Metzger, 
E. Colegrove, H. Moutinho, D. Albin, J. Duenow, 
S. Johnston, J. Kephart, W. Sampath, and M. Al-Jassim, 
Influence of CdTe Deposition Temperature and Window 
Thickness on CdTe Grain Size and Lifetime After CdCl 2 
Recrystallization, IEEE Journal of Photovoltaics 8, 600 
(2018). 

[33] T. A. M. Fiducia, B. G. Mendis, K. Li, C. R. M. 
Grovenor, A. H. Munshi, K. Barth, W. S. Sampath, L. D. 
Wright, A. Abbas, J. W. Bowers, and J. M. Walls, Un-
derstanding the role of selenium in defect passivation for 
highly efficient selenium-alloyed cadmium telluride solar 
cells, Nature Energy 4, 504 (2019). 

[34] E. S. Barnard, B. Ursprung, E. Colegrove, H. R. 
Moutinho, N. J. Borys, B. E. Hardin, C. H. Peters, W. K. 
Metzger, and P. J. Schuck, 3D Lifetime Tomography Re-
veals How CdCl 2 Improves Recombination Through-
out CdTe Solar Cells, Advanced Materials 29, 1603801 
(2017). 

[35] H. R. Moutinho, J. Moseley, M. J. Romero, R. G. Dhere, 
C.-S. Jiang, K. M. Jones, J. N. Duenow, Y. Yan, and 
M. M. Al-Jassim, Grain boundary character and recom-
bination properties in CdTe thin films, in 2013 IEEE 
39th Photovoltaic Specialists Conference (PVSC) (IEEE, 
Tampa, FL, USA, 2013) pp. 3249–3254. 

[36] L. Zhang, J. L. F. Da Silva, J. Li, Y. Yan, T. A. Gessert, 
and S.-H. Wei, Effect of Copassivation of Cl and Cu on 
CdTe Grain Boundaries, Physical Review Letters 101, 
155501 (2008). 

[37] J. Moseley, W. K. Metzger, H. R. Moutinho, N. Paudel, 
H. L. Guthrey, Y. Yan, R. K. Ahrenkiel, and M. M. Al-
Jassim, Recombination by grain-boundary type in CdTe, 
Journal of Applied Physics 118, 025702 (2015). 

[38] S. P. Harvey, G. Teeter, H. Moutinho, and M. M. Al-
Jassim, Direct evidence of enhanced chlorine segregation 
at grain boundaries in polycrystalline CdTe thin films 
via three-dimensional TOF-SIMS imaging: Chlorine seg-
regation at grain boundaries in CdTe thin films, 23, 838. 

[39] D. Mao, G. Blatz, C. Wickersham, and M. Gloeckler, 
Correlative impurity distribution analysis in cadmium 

telluride (CdTe) thin-film solar cells by ToF-SIMS 2d 
imaging, 157, 65. 

[40] C. Li, Y. Wu, J. Poplawsky, T. J. Pennycook, N. Paudel, 
W. Yin, S. J. Haigh, M. P. Oxley, A. R. Lupini, M. Al-
Jassim, S. J. Pennycook, and Y. Yan, Grain-Boundary-
Enhanced Carrier Collection in CdTe Solar Cells, Physi-
cal Review Letters 112, 156103 (2014). 

[41] T. A. M. Fiducia, K. Li, A. H. Munshi, K. Barth, W. S. 
Sampath, C. R. M. Grovenor, and J. M. Walls, 3D Dis-
tributions of Chlorine and Sulphur Impurities in a Thin-
Film Cadmium Telluride Solar Cell, MRS Advances 3, 
3287 (2018). 

[42] D. M. Hofmann, P. Omling, H. G. Grimmeiss, B. K. 
Meyer, K. W. Benz, and D. Sinerius, Identification of 
the chlorine A center in CdTe, Physical Review B 45, 
6247 (1992). 

[43] J. Moseley, M. M. Al-Jassim, H. R. Moutinho, H. L. 
Guthrey, W. K. Metzger, and R. K. Ahrenkiel, Expla-
nation of red spectral shifts at CdTe grain boundaries, 
Applied Physics Letters 103, 233103 (2013). 

[44] W. Van Roosbroeck, Injected Current Carrier Transport 
in a SemiInfinite Semiconductor and the Determination 
of Lifetimes and Surface Recombination Velocities, Jour-
nal of Applied Physics 26, 380 (1955). 

[45] B. G. Mendis, L. Bowen, and Q. Z. Jiang, A contact-
less method for measuring the recombination velocity of 
an individual grain boundary in thin-film photovoltaics, 
Applied Physics Letters 97, 092112 (2010). 

[46] B. Mendis, D. Gachet, J. Major, and K. Durose, Long 
Lifetime Hole Traps at Grain Boundaries in CdTe Thin-
Film Photovoltaics, Physical Review Letters 115, 218701 
(2015). 

[47] D. Halliday, J. Eggleston, and K. Durose, A photolu-
minescence study of polycrystalline thin-film CdTe/CdS 
solar cells, Journal of Crystal Growth 186, 543 (1998). 

[48] C. Kraft, H. Metzner, M. Hdrich, U. Reislhner, P. Schley, 
G. Gobsch, and R. Goldhahn, Comprehensive photolumi-
nescence study of chlorine activated polycrystalline cad-
mium telluride layers, Journal of Applied Physics 108, 
124503 (2010). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://doi.org/10.1016/j.tsf.2014.11.005
https://doi.org/10.1109/JPHOTOV.2018.2790701
https://doi.org/10.1109/JPHOTOV.2018.2790701
https://doi.org/10.1038/s41560-019-0389-z
https://doi.org/10.1002/adma.201603801
https://doi.org/10.1002/adma.201603801
https://doi.org/10.1109/PVSC.2013.6745144
https://doi.org/10.1109/PVSC.2013.6745144
https://doi.org/10.1103/PhysRevLett.101.155501
https://doi.org/10.1103/PhysRevLett.101.155501
https://doi.org/10.1063/1.4926726
https://doi.org/10.1002/pip.2498
https://doi.org/10.1016/j.solmat.2016.05.019
https://doi.org/10.1103/PhysRevLett.112.156103
https://doi.org/10.1103/PhysRevLett.112.156103
https://doi.org/10.1557/adv.2018.449
https://doi.org/10.1557/adv.2018.449
https://doi.org/10.1103/PhysRevB.45.6247
https://doi.org/10.1103/PhysRevB.45.6247
https://doi.org/10.1063/1.4838015
https://doi.org/10.1063/1.1722002
https://doi.org/10.1063/1.1722002
https://doi.org/10.1063/1.3486482
https://doi.org/10.1103/PhysRevLett.115.218701
https://doi.org/10.1103/PhysRevLett.115.218701
https://doi.org/10.1016/S0022-0248(97)00819-1
https://doi.org/10.1063/1.3517436
https://doi.org/10.1063/1.3517436



