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The annealing of chlorine-doped polycrystalline CdTe films leads to the occurrence of an abnormal grain
structure with the formation of both primary and secondary grains, the latter being larger and growing at the
expense of the former. The spatial distribution of dopants and defects has been investigated within both types
of grains by time-of-flight secondary-ion-mass spectroscopy imaging and spatially resolved cathodolumines-
cence. It is found that chlorine atoms similarly segregate in the vicinity of grain boundaries in both primary and
secondary grains, whereas chlorine donors are homogeneously distributed away from grain boundaries. It is
shown that, contrary to primary grains, secondary grains exhibit specific concentration processes around grain
boundaries, such as cadmium vacancy accumulation and dislocation piling up. The existence of long-range
stresses around grain boundaries only within secondary grains is also evidenced and attributed to piezoelectric
effects. Grain boundaries thus act as getters for dopants and defects by draining them from the interior of
secondary grains. These physical mechanisms emphasize efficient purifying effects associated with the benefi-
cial formation and growth of secondary grains within an abnormal grain structure as induced by annealing. The
depicted processes can be applied to a wide variety of polycrystalline compound semiconductors and can find
direct applications in the field of solar cells based on these materials.
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I. INTRODUCTION

Polycrystalline semiconductors �SCs� have received in-
creasing interest due to their potential use in cost-efficient
electronic, optical, and chemical devices where very large
dimensions are required, such as solar cells, x- and �-ray
detectors, varistors or gas sensors.1–3 The growth of poly-
crystalline SC films follows the Volmer-Weber mechanism,
for which isolated three-dimensional islands nucleate at the
substrate surface, grow in size and then coalesce.4,5 Upon
island coalescence, grain boundaries �GBs� are formed and
high biaxial tensile stresses are generated, contributing to the
nucleation of dislocations at the contact point between two
adjacent grains.5 These stresses can be relieved by the trans-
port of impurities into GBs, generating compensating biaxial
compressive stresses and inducing segregation processes.6–8

Such processes can have deleterious effects, resulting in the
occurrence of locally nonuniform doping regions.8 In par-
ticular, local probe measurements have highlighted that the
GB contribution to the conduction is enhanced but uncon-
trolled in a wide variety of polycrystalline SCs.9–17 Island
coalescence thus induces the formation of a highly defective
and randomly oriented grain structure and appears to be det-
rimental for the structural properties and for the doping and
transport characteristics of polycrystalline SC films.18

In order to improve the crystalline quality of these films,
in terms of grain-size distribution, columnar morphology and
texturation, ex situ thermal treatments are usually carried out
following deposition. Their effects on the structural proper-
ties have widely been investigated for indirect band-gap
polycrystalline SC films, such as silicon or germanium.19 We
have recently shown that polycrystalline compound SCs,

which for most of them are direct band-gap materials, behave
in a similar way upon annealing.20 Indeed, as interface, sur-
face and strain energies are strongly anisotropic for most of
these materials, a process of abnormal grain growth occurs
upon annealing: it consists in the preferential growth of
larger secondary grains at the expense of the smaller primary
grain matrix for energetic reasons.21 However, initial segre-
gation processes induced by island coalescence lead to solute
drag phenomena, which prevent secondary grains from con-
suming the entire primary grain matrix, hence resulting in
the formation of a nonuniform grain structure.22 This inho-
mogeneous grain structure could have a profound influence
on the concentration and spatial distribution of extended and
intrinsic point defects as well as of dopants in polycrystalline
SC films. The doping and transport properties of the devices
based on these materials may, in turn, be affected. Neverthe-
less, very few works have been devoted to this issue for both
indirect and direct band-gap polycrystalline SC films, due in
particular to the absence of dedicated experiments. The aim
of this study is to cast a light into the physical mechanisms
leading to the specific abnormal grain structure on a local
scale and, especially, to reveal their effects on the behavior
of dopants and defects in polycrystalline SC films. The aim
is also to evidence the role of GBs within these polycrystal-
line films leading to their very specific properties.

We investigate the structural reordering of polycrystalline
SC films upon annealing and correlate it with their doping
properties, by benefiting from optical characterization tools
commonly used in direct band-gap SCs such as photolumi-
nescence and cathodoluminescence �CL� at the macroscopic
and local scales, respectively. In the following, we focus on
polycrystalline CdTe films but most of our findings can be
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applied to a wide variety of polycrystalline compound SCs,
especially belonging to the III/V, II/VI, or chalcopyrite
groups. To a lesser extent, some similarities can also be
found with indirect band-gap polycrystalline SCs. Spatially
resolved 5 K CL measurements and time-of-flight secondary-
ion-mass spectroscopy �ToF-SIMS� imaging are combined so
as to carry out the study of the local redistribution of ex-
tended and intrinsic point defects as well as of dopants in an
abnormal grain structure induced by annealing in polycrys-
talline CdTe. We specifically address the major differences
between primary and secondary grains composing the abnor-
mal grain structure. It is shown that, contrary to primary
grains, the interior of secondary grains is almost free of all
types of defects, revealing that GBs act as getters for chlo-
rine dopants and cadmium vacancies as well as for disloca-
tions within this type of grains. Stress concentrations around
GBs in secondary grains are also evidenced and attributed to
piezoelectric effects. These physical mechanisms emphasize
the beneficial purifying effects related to the process of ab-
normal grain growth in polycrystalline compound SC films.

II. EXPERIMENT

20-�m-thick chlorine-doped polycrystalline CdTe
samples were grown on graphite substrates by close space
sublimation. Chlorine doping was achieved in situ by using a
source material composed of a mixture of high-purity 5N
CdCl2 and CdTe powders, which was evaporated on a graph-
ite substrate located at a distance of about 5 mm. An in situ
thermal treatment under nitrogen was subsequently per-
formed to generate the abnormal grain structure, at an an-
nealing temperature of 630 °C for 2 h at one atmosphere. 5
K CL measurements were performed with a quanta 200 FEI
scanning electron microscope �SEM�. 5 K CL spectra were
measured with a monochromator coupled to a N2-cooled
charge-coupled device. 5 K CL images were obtained with a
photomultiplier synchronized with the primary electron-
beam scanning. A 10 kV primary electron beam was used as
excitation, leading to a pearlike shape interaction volume of
2.5–3.5 �m3 in CdTe: the equivalent diameter of the probe
is about 1.8 �m. The ToF-SIMS images were achieved with
a ToF-SIMS apparatus from Iontof: note that the spatial res-
olution of the apparatus is about 200 nm. Transmission elec-
tron microscopy �TEM� images were made with a JEOL
4000EX microscope operating at 400 kV.

III. RESULTS

The abnormal grain structure of annealed chlorine-doped
polycrystalline CdTe films consists of two populations of
grains, as depicted in the SEM image of Fig. 1: larger sec-
ondary grains with diameters of about 20–30 �m are pref-
erentially oriented along the �100� crystallographic direction
and embedded in a randomly oriented matrix of smaller pri-
mary grains with diameters of approximately 6–8 �m.20

A. The segregation of chlorine atoms around GBs in the
abnormal grain structure

ToF-SIMS measurements indicate that the chlorine con-
centration in the abnormal grain structure is similarly low,

i.e., 1.5�1016 at. cm−3, in both primary and secondary
grains, as shown in the inset of Fig. 1. Nevertheless, the
chlorine spatial distribution is found to be nonuniform: chlo-
rine atoms segregate around GBs, resulting in a chlorine con-
centration which is four times higher in the vicinity of GBs
than in the grain interior. The segregation spreads over
1 �m on each side of GBs and originates from the transport
of chlorine atoms into GBs upon island coalescence so as to
relieve high biaxial tensile stresses.6–8,18 The annealing
yields a diffusion-induced reduction in chlorine concentra-
tion, both within grains themselves and at GBs, as discussed
in Ref. 20.

B. The spatial distribution of luminescence in the CdTe
abnormal grain structure

The main features of luminescence within primary or sec-
ondary grains induced by annealing under nitrogen are re-
vealed in the inset of Fig. 1. The excitonic band is composed
of three types of emissions.20 Radiative recombinations of
free excitons X, of excitons bound to chlorine donors,
�D° ,X�, and to chlorine A centers, �A° ,X�, give rise to
three lines at 1.596, 1.5925, and 1.587 eV, respectively.23–25

In CdTe, chlorine atoms act as hydrogenic donors by substi-
tuting for tellurium, ClTe, but can also form chlorine A cen-
ters, as �VCd,ClTe� compensating acceptor complexes.24,26

Below 1.5 eV, a mixed band is identified between 1.35 and
1.47 eV, consisting of a zero phonon line �ZPL1� centered at
1.46 eV followed by four longitudinal-optical �LO� phonon
replicas, each separated by a phonon energy of 21.3 meV.

FIG. 1. �Color online� SEM image of the abnormal grain struc-
ture composed of larger secondary grains embedded in a smaller
primary grain matrix. PG and SG, respectively, stand for the pri-
mary grain and the secondary grain in which localized CL spectra
are recorded at 5 K in Figs. 3 and 4. The insets show a
45�45 �m2 ToF-SIMS image of the chlorine signal in the abnor-
mal grain structure and a typical CL spectrum within either primary
or secondary grains.
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Such a mixed band is composed of radiative transitions of
donor-acceptor pairs involving both ClTe donors and chlorine
A centers, DAPA, and of excitons bound to extended defects,
�A° ,X�dis.

8,20,26,27 The envelop of the mixed band yields an
intermediate value of 1.4 for the Huang-Rhys coupling
constant.8,20 Furthermore, a specific band gives rise to a
ZPL2 at 1.57 eV followed by three LO phonon replicas but it
has not been identified yet, although some works assigned it
to compensating deep donors.28 We point out that � acceptor
complexes, which supposedly include one cadmium vacancy
related to two ClTe donors, are no longer present after anneal-
ing under such conditions.8,20

Monochromatic CL images at 1.592 and 1.46 eV are
shown in Figs. 2�a� and 2�b� in order to yield the spatial

distribution of emissions from the excitonic and mixed
bands, respectively. Note that the energy resolution is around
�4 meV for these two monochromatic CL images so that
only the free exciton and �D° ,X� lines are involved in Fig.
2�a�. While grains are the seat of radiative recombinations
and correspond to bright regions, GBs appear as preferen-
tially nonradiative recombination centers probably due to the
presence of dangling bonds within them.29 Internal electric
fields at GBs can also separate excited electron-hole pairs,
resulting in a decrease in the total radiative efficiency as
discussed in the following.9–12 Interestingly, the intensity of
the excitonic band is uniform within both primary and sec-
ondary grains: this reveals that chlorine atoms and more pre-
cisely ClTe donors are uniformly distributed within both
types of grains, as partly evidenced by the ToF-SIMS image
in the inset of Fig. 1. However, secondary grains appear
much brighter than primary grains: in other words, the exci-
tonic band is thus much more intense in secondary grains
than in primary grains. Since the chlorine concentration is
identical within the two types of grains according to the ToF-
SIMS measurements, we deduce that the density of free ex-
citons within secondary grains is higher than that within pri-
mary grains. This is a strong indication that secondary grains
present a better crystalline quality with respect to primary
grains since free excitons form more easily in materials with
low defect densities. We note further that the intensity of the
mixed band is uniform within primary grains but nonuniform
within secondary grains, as seen in Fig. 2�b�: the relative and
absolute intensities of the DAPA and �A° ,X�dis lines thus
vary according to the spatial position within secondary
grains. In order to go into the details of the physical phenom-
ena responsible for the major differences between the two
types of grains, spatially resolved 5 K CL spectra are shown
below at different spatial positions relative to GBs in both
primary and secondary grains.

C. The homogeneous spatial distribution of defects in small
primary grains

Five typical spatial positions from the grain interior to-
ward the GB, each separated by a step of 1 �m, are selected
in a small primary grain of about 8 �m in diameter and
represented by cross icons in the inset of Fig. 3�a�. The re-
spective localized 5 K CL spectra are given in Fig. 3. The CL
spectra located on the spatial positions numbered from �1� to
�3�, namely, within the small primary grain away from the
GB �i.e., at a distance of more than 1 �m� are strictly simi-
lar. Both the overall intensities and shapes of the excitonic
band and of the mixed band remain identical within the pri-
mary grain: the contribution of the different lines involved in
these bands is independent upon the spatial position selected
within the primary grain. The spatial distributions of ClTe
donors, of chlorine A centers �i.e., of cadmium vacancies�
and of dislocations are thus uniform within the primary grain
away from the GB �i.e., at a distance of more than 1 �m�.
These observations are correlated with the ToF-SIMS and 5
K monochromatic CL images given in Figs. 1 and 2�a�,
which reveal, in particular, a constant chlorine concentration
within primary grains and a segregation region spreading

(b)

(a)

FIG. 2. Monochromatic CL images recorded at 5 K of the same
SEM image given in Fig. 1. For �a� and �b�, the CL detection energy
was chosen to be 1.592 eV �excitonic band� and 1.46 eV �mixed
band�, respectively. Note that the energy resolution of CL imaging
is �4 meV.
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over only 1 �m on each side of GBs. In contrast, the inten-
sities of all these bands decrease for the spatial positions
numbered �4� and �5�, namely, when approaching the GB
�i.e., at a distance of less than 1 �m�. Indeed, for these spa-
tial positions, the 1.8 �m equivalent diameter of the pearlike
electron probe encompasses the GB. The decrease in the total
radiative efficiency in the vicinity of the GB is due, in par-
ticular, to the presence of nonradiative recombination cen-
ters, such as dangling bonds, for instance. As a consequence,
we infer that primary grains retain homogeneous spatial dis-
tributions of defects and dopants away from GBs �i.e., at a
distance of more than 1 �m�, which is not the case for sec-
ondary grains as detailed below.

D. The local redistribution of defects in larger secondary
grains

1. The accumulation of cadmium vacancies around GBs

Five typical spatial positions from the grain interior to-
ward the GB, each separated by a step of 2 �m, are selected

in a larger secondary grain of about 20 �m in diameter and
represented by cross icons in the inset of Fig. 4�a�. The re-
spective localized 5 K CL spectra are given in Fig. 4. The
intensity of the maximum of the excitonic band, which, as in
the case of the primary grain, corresponds to the �D° ,X�
line, remains constant within the secondary grain away from
the GB �i.e., at a distance of more than 1 �m�. The spatial
distribution of ClTe donors is thus uniform within the second-
ary grain away from the GB �i.e., at a distance of more than
1 �m�. This observation is again correlated with the ToF-
SIMS and 5 K monochromatic CL images shown in Figs. 1
and 2�a�. On the contrary, the overall intensity and shape of
the excitonic band vary: its asymmetry around 1.587 eV is
more and more pronounced from spatial positions numbered
�1� to �5�, namely, when approaching and reaching the GB.
Such an asymmetry is directly related to the presence of the
�A° ,X�A line at 1.587 eV. From the fitting procedure of the
excitonic band by three Gaussians as described in the inset of

(b)

(a)

FIG. 3. �Color online� �a� Localized CL spectra recorded at 5 K
within a primary grain. The inset shows a direct SEM image of the
probed primary grain with different spatial positions represented by
cross icons and numbered from �1� to �5� from the grain interior to
the GB. �b� Localized CL spectra recorded at 5 K, highlighting the
main features of the excitonic band.

(b)

(a)

FIG. 4. �Color online� �a� Localized CL spectra recorded at 5 K
within a secondary grain. The inset shows a direct SEM image of
the probed secondary grain with different spatial positions repre-
sented by cross icons and numbered from �1� to �5� from the grain
interior to the GB. �b� Localized CL spectra recorded at 5 K, high-
lighting the main features of the excitonic band.
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Fig. 1, we determine the intensity of the �A° ,X�A line by
taking the area over the corresponding Gaussian fit. We find
that such an intensity continuously increases from spatial
positions numbered �1� to �4�, as shown in Fig. 5. Concern-
ing the spatial position numbered �5�, a decrease in the total
radiative efficiency in the vicinity of GBs is again involved,
as previously mentioned in the case of primary grains. In
other words, the density of chlorine A centers increases when
approaching the GB: as ClTe donors are homogeneously dis-
tributed within the secondary grain at a distance of more than
1 �m from the GB, we deduce that the density of cadmium
vacancies increases from the grain interior toward the GB.
We emphasize further that the accumulation process of cad-
mium vacancies is effective on a region of several �m
around the GB, which is much larger than for the segregation
of chlorine atoms. Also, this accumulation process only oc-
curs on one side around the GB exclusively within the sec-
ondary grain, whereas the segregation of chlorine atoms is
symmetric and proceeds in both sides of the GB in primary
and secondary grains.

2. The piling up of dislocations around GBs

The overall intensity of the mixed band increases from
spatial positions numbered �1� to �4�, namely, within the sec-
ondary grain away from the GB �i.e., at a distance of more
than 1 �m�. Such an increase is obviously directly associ-
ated with the increase in the density of chorine A centers.
Nevertheless, the intensity ratio between the �A° ,X�A line
and the mixed band decreases when approaching the GB, as
shown in Fig. 5: this is a strong indication that the mixed
band is more and more intense within the secondary grain
when coming closer to the GB �i.e., at a distance of more
than 1 �m� due to the increase not only in the DAPA line
intensity but also in the �A° ,X�dis line intensity. Therefore,
we deduce that the dislocation density increases when ap-
proaching the GB, which is the sign of an effective recovery
mechanism occurring during the process of abnormal grain

growth within secondary grains. Interestingly, this phenom-
enon is directly observed by TEM imaging. Two different
images were taken, one from a region near the GB and the
other at a distance of 4 �m within a secondary grain. Stack-
ing faults are clearly visible, bounded by Shockley partial
dislocations, as revealed in Fig. 6.30 From these images, the
dislocation density is found to increase by a factor of 1.75 in
the vicinity of the GB with respect to the dislocation density
at 4 �m, by rising from 460 to 800 �m−2.

3. The occurrence of long-range stresses around GBs

The position of the maximum of the excitonic band shifts
toward lower energies when approaching the GB from spa-
tial positions numbered �1� to �5�, as revealed in Fig. 4�b�.
Nevertheless, as the intensities of the three types of emis-
sions involved in the excitonic band vary for these different
spatial positions, a fit of the excitonic band by three Gauss-
ians as described in the inset of Fig. 1 is carried out. The
position of both �D° ,X� and �A° ,X�A lines shifts toward
lower energies when approaching the GB, as represented in
Fig. 7. Nevertheless, as regards the position of the free exci-
ton line, the accuracy of the fitting procedure is not sufficient
to follow its variation precisely. The variation in the energy
position is quite similar for these two types of emissions,
although a better accuracy is obtained for the �D° ,X� line
due to its larger intensity. This confirms that such a shift of
the excitonic band is not governed by the evolution of the
relative intensities for the three types of emissions involved.

In the following, we associate the variation in the energy
position for the two distinct lines with stress effects within
the secondary grain.31 The stress magnitude as a function of
the distance to the GB is determined by following the energy
shift of the �D° ,X� line position with respect to its stress-
free position at 1.5929 eV, as given by Francou et al.24 Since
the absolute value of the stress strongly depends on the ref-
erence value selected in the literature, we focus here more on

FIG. 5. �Color online� Evolution of the �A° ,X�A line intensity
and of its ratio over the mixed band intensity as a function of the
distance to the GB in the secondary grain.

FIG. 6. TEM image within the secondary grain showing stack-
ing faults bounded by Shockley partial dislocations.
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the relative stress evolution from the grain interior toward
the GB. By assuming that the stress state �� is biaxial within
the secondary grain, which is in agreement with previous
x-ray diffraction measurements,18 the hydrostatic and shear
stress components induce the following respective variations
�EG

hydro and �EG
shear of the band gap energy32

�EG
hydro = 2a�s11 + 2s12��� and �EG

shear = 2b�s11 − s12���

�1�

in which a and b are the hydrostatic and shear deformation
potentials, equal to −3.85 and −1.235 eV in CdTe �this being
an average value between −1.21 and −1.26 eV for the two
�100� and �110� crystallographic directions�,
respectively;33–35 s11 and s12 are the compliances equal to
4.254�10−11 and −1.734�10−11 m2 /N, respectively.18

Consequently, the effect of the biaxial stress on the band-
gap energy is the following:

EG
stress = EG

stress-free + �EG
hydro −

�EG
shear

2
. �2�

Following Eqs. �1� and �2�, the stress magnitude is repre-
sented in Fig. 7 together with the energy position of the
�D° ,X� line from which it is deduced. In the secondary
grain, the stress magnitude is about several tens of MPa in
the bulk of the secondary grain and increases continuously
from the grain interior toward the GB: the stress magnitude
at the GB is about twice as strong as in the bulk of the
secondary grain. The stress concentration around the GB
spreads over 6–8 �m in the secondary grain. Furthermore,
we emphasize that such a stress concentration around GBs is
effective only in secondary grains since, in primary grains,
the �D° ,X� line is found to lie at the same energy position
whatever the spatial position considered.

The majority of the theoretical models predict long-range
stress concentrations over a maximum of only several hun-
dreds of nanometers around GBs.36,37 However, CdTe has a

high ionicity of typically more than 0.7 in the Philips ionicity
scale and has a high piezoelectric constant of about
0.04 C /m2.38–40 GBs are further expected to be electrically
active in polycrystalline CdTe, similarly to the more general
case of polycrystalline compound SCs.41 The discrepancy
may thus originate from piezoelectric effects, as induced by
charge accumulation processes at GBs. The formation of
deep levels in the band gap at GBs leads to local bending of
the conduction and valence bands, with the occurrence of a
built-in electric field and eventually of long-range stresses
induced by piezoelectric effects. Furthermore, since, in sec-
ondary grains, cadmium vacancies and chlorine dopants are
dragged toward the GB, the semiconducting material within
the bulk of the grain has a very low residual doping. We can
assess, in a first approximation, the width W of the induced
space-charge region around the GB by the following relation

W =�2�0�r

q
	 1

ND
+

1

NA

V	, �3�

where V	 is the potential barrier, ND and NA are the donor
and acceptor densities, respectively. By taking the following
typical values, ND=NA=1014 at. cm−3, V	=0.5 V and �r
=10.16, the width of the space-charge region is found to be
about 3.4 �m.9,42 Such a space-charge region around the GB
can therefore be broad enough so that the built-in electric
field spreads over a large distance, typically of several �m.
The piezoelectric nature of CdTe and the deep traps associ-
ated with the GBs can thus account for the experimentally
observed long-range stresses. In addition, as secondary
grains are oriented along the �100� direction, the large mis-
orientation between secondary and primary grains could also
be at the origin of a strong stress field around the GB. Fur-
thermore, previous x-ray microdiffraction experiments in
polycrystalline aluminum and copper films have also re-
vealed the presence of highly stressed local regions in indi-
vidual grains due to specific interactions with their neighbor-
ing grains.43,44

IV. DISCUSSION

In direct band-gap SCs �i.e., compound SCs�, the avail-
ability of optical characterization tools opens possibilities for
the study of the physical mechanisms operating, for instance,
in the structural reordering of a polycrystalline matrix upon
annealing. We have specifically addressed this issue by using
spatially resolved CL measurements in order to study the
spatial distribution of extended and intrinsic point defects as
well as of dopants in annealed polycrystalline CdTe films. As
for most polycrystalline films of elastically anisotropic ma-
terials, polycrystalline CdTe films rearrange themselves upon
annealing, leading to the formation of the so-called abnormal
grain structure. The aim of the study was to identify the
major differences between small primary grains and larger
secondary grains that comprise such an abnormal grain struc-
ture, namely, as regards the behavior of dopants and defects.
The role of GBs in such a polycrystalline structure was also
evidenced. Our findings are summed up in a schematic in
Fig. 8.

FIG. 7. �Color online� Evolution of the energy position for the
�D° ,X� �� icons� and �A° ,X�A �� icons� lines and of the related
biaxial stress �� icons� as a function of the distance to the GB in
the secondary grain. The error bar of the energy position for the
�D° ,X� line is �0.08 meV.
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The two types of grains are similar in terms of chlorine
doping itself: no difference was found between primary and
secondary grains in the ToF-SIMS image of Fig. 1, in which
chlorine concentration is low and about 1.5�1016 at. cm−3.
Chlorine atoms are uniform in the grain interior, i.e., away
from the GB at a distance of more than 1 �m. Similarly,
ClTe donors are uniformly distributed in the grain interior
within both primary and secondary grains, as revealed by the
spatially resolved CL spectra of Figs. 3 and 4. In contrast, the
spatial distribution of chlorine is inhomogeneous in the two
types of grains when approaching the GBs, with a pro-
nounced segregation in their vicinity, over about 1 �m on
each side, as represented by the blue graded �i.e., light� re-
gion of Fig. 8 This originates from the transport of chlorine
atoms into GBs so as to relieve high tensile biaxial stresses
generated upon island coalescence.6–8,18 The presence of
highly doped regions around GBs with respect to the grain
interior is expected to change the conductivity type around
these extended defects and possibly create embedded p-n
junctions within such an abnormal grain structure. Such a
process has been reported, for instance, in the case of GBs in
polycrystalline ZnO as well as in the case of domain bound-
aries in monocrystalline ZnO.14,45,46

Secondary grains present better structural properties than
primary grains in the sense that they are larger with a good
morphology and well oriented along the �100� crystallo-
graphic direction.20 Correlatively, the higher intensity of the
excitonic band within secondary grains as revealed in Fig.
2�a� is also a strong indication of a better crystalline quality
for these grains. Their optical properties are also different
from those of primary grains, at least for spatial positions
away from GBs at a distance of more than 1 �m and not
directly in their center. Primary grains exhibit homogeneous

optical properties, suggesting uniform spatial distribution of
dopants and defects within them. We point out that annealing
under nitrogen is thus not as beneficial for primary grains as
for secondary grains, both in terms of structural and doping
properties.47

On the contrary, the optical properties of secondary grains
are nonuniform. The densities of cadmium vacancies and
dislocations are found to continuously increase when ap-
proaching the GBs and to be at their maximum at the GBs
themselves, as represented by simple cross icons around GBs
and blue graded arrows in Fig. 8: in secondary grains, GBs
can thus be seen as getters for all types of defects lying
originally within the grain interior, contrary to primary
grains. Dislocations pile up at GBs, as shown by the spatially
resolved CL spectrum and TEM images in Figs. 4�a�, 5, and
6. Such a mechanism is the sign of efficient recovery pro-
cesses within secondary grains.47 Similarly, chlorine A cen-
ters and, as a consequence, cadmium vacancies are also
present in higher density in the vicinity of GBs, as revealed
by the spatially resolved CL spectrum in Figs. 4�b� and 5. We
emphasize that such accumulation processes for cadmium
vacancies and dislocations are asymmetric and only appear
on one side of GBs within secondary grains, contrary to the
segregation of chlorine atoms. They are also effective on a
region spreading over several �m on one side of GBs within
secondary grains, which is much larger than for the segrega-
tion of chlorine atoms. We note that both accumulation pro-
cesses of cadmium vacancies and dislocations around GBs in
secondary grains could be interdependent: some basic works
suggest that the annihilation of dislocations in GBs induce
the formation of vacancies in order to compensate for the
local increase in volume.48,49 Another view would consist in
correlating the dislocation motion toward GBs with cadmium
vacancies during a climbing process, for instance. Further-
more, the segregation of chlorine atoms and the accumula-
tion of cadmium vacancies around GBs could drastically in-
fluence the kinetics of grain growth for secondary grains: not
only can chlorine atoms induce solute drag phenomena but
cadmium vacancies could also imply similar processes.50

Interestingly, such observations are also made concerning
stress concentrations around GBs, which, we believe, arise
from piezoelectric effects, as represented by the red graded
�i.e., dark� region in Fig. 8. We point out that piezoelectricity
is a common physical property of compound SCs:51–54 such a
stress concentration around GBs within secondary grains is
thus expected for CdTe and more widely for compound SCs
in their polycrystalline variant. Piezoelectric effects around
GBs could directly affect the doping and transport properties
in these materials.55 In particular, x-ray microdiffraction ex-
periments are currently in progress in order to correlate such
experimental results with direct measurements of the stress
tensor around GBs.

V. CONCLUSION

The local redistribution, upon annealing, of cadmium va-
cancies and dislocations as well as of chlorine dopants has
clearly been shown within an abnormal CdTe grain structure
composed of larger secondary grains embedded in a matrix

FIG. 8. �Color online� Schematic of the physical mechanisms at
work within PG and SG during the process of abnormal grain
growth. The blue graded �i.e., light� region represents the chlorine
atom segregation around GBs. The red graded �i.e., dark� region
symbolizes the stress concentration around GBs. The blue graded
arrows represent the cadmium vacancy �VCd� accumulation around
GBs. Cross icons symbolize dislocations and especially their piling
up around GBs in SGs. GP and GS stand for the growth rate of PGs
and of SGs, respectively: GP
GS for energetic reasons.
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of small primary grains. While the segregation of chlorine
atoms in the vicinity of GBs is similar within both types of
grains, it is shown that, contrary to primary grains, secondary
grains present optimized structural characteristics but inho-
mogeneous optical properties. This inhomogeneity is due to
specific accumulation processes of cadmium vacancies and
of dislocations around GBs within secondary grains. As a
consequence, GBs can be seen as efficient getters for differ-
ent types of defects, especially, within secondary grains.
Stress concentration around GBs within secondary grains are
also found and attributed to piezoelectric effects. These
physical mechanisms emphasize beneficial purifying effects

associated with the process of abnormal grain growth and
occurring within secondary grains. They can be applied to a
wide variety of polycrystalline compound SC films, espe-
cially belonging to the III/V, II/VI, or chalcopyrite groups,
and can find direct applications in the field of solar cells
based on these materials.
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