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The efficiency of as-deposited CdTe solar cells is typically <5 %. An activation process involving
the post-treatment of the CdTe surface with cadmium chloride at ≈ 400◦ C improves the absorber
microstructure by removing stacking faults, fills the grain boundaries with chlorine and leads to
efficiencies of up to ≃ 22 % . Stacking fault removal and improvement in device efficiency are
thus correlated but the question of whether this correlation is direct or indirect has to date not
been established. Although some types of stacking fault could be hole traps, those most commonly
observed are tetrahedral in nature which recent work has shown to be electrically benign.

For the first time, in this paper, we not only explain the passivation responsible for this efficiency
increase but crucially elucidate the associated stacking fault removal mechanism. Experimental
work shows that as chlorine is added to the system, the stacking faults gradually disappear from the
absorber layer upwards to the surface with some grains being fault-free in the intermediate state
before full saturation. At saturation chlorine decorates all the grain boundaries and so the effect
of chlorine on a model system of a tetrahedral stacking fault bounded by two grain boundaries
is investigated using density functional theory (DFT). We find that if the stacking faults between
the grain boundaries were to be removed without Cl, this would result in an energy increase for
the system. Increasing the chlorine concentration in the grain boundaries decreases the energy
difference between the faulted and unfaulted system until a cross-over occurs close to the point at
which chlorine saturates the grain boundaries. The atomic mechanisms and energy profile for the
stacking fault removal is presented. The removal process is via a cascade effect whereby the system
energy gradually increases as the fault is sequentially removed until the layers ‘snap’ into place. The
energy barrier for this to occur is easily overcome with the 400◦ C temperature treatment. Density
of States (DOS) plots of the chlorine saturated structures show that defect passivation occurs in the
highly reconstructed grain boundaries due to both interstitial and substitutional chorine. Chlorine
saturation is shown to ‘disconnect’ the two sides of the grain boundary avoiding electronic defects
which arise from the interaction of dangling bonds across this region. It is thus concluded that the
cell efficiency increase observed is due to the electronic effects of chlorine in the grain boundaries and
that the observed stacking fault removal is a bi-product of the chlorine grain boundary saturation.
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E
lectricity generated by photovoltaic modules is an
important renewable source of power. The impor-

tance of solar electricity increases as device efficiencies
improve and costs reduce. Although modules based on
silicon absorbers dominate the current market, second
generation modules based on cadmium telluride (CdTe)
are the most important thin film technology with over
25 GW already installed. Recent advances in thin film
CdTe devices, notably the inclusion of selenium as an
alloy at the front of the cell, has led to a sharp in-
crease in module efficiency [1–3]. However, despite the
impressive advances made, the conversion efficiency of
thin film CdTe solar has the potential for further signifi-
cant improvement because performance is still well short
of the Shockley-Queisser theoretical limit, due mainly to
the Voltage deficit. Further enhancement in device effi-
ciency depends on an improved understanding of how
these polycrystalline materials work and in particular
how the detailed microstructure affects the electrical per-
formance. In this paper, we report on a detailed investi-
gation into the relationship between conversion efficiency,
grain boundary passivation with chlorine and the removal
of planar defects.

As-deposited thin film CdTe solar cells have a poor
conversion efficiency typically < 5 % unless deposited at
unusually high temperatures. A cross-sectional image of
an as-deposited device using Transmission Electron Mi-
croscopy (TEM) is shown in Figure 1a. The CdTe ab-
sorber was deposited by close spaced sublimation (CSS).
A notable feature of this image is the high density of
stacking faults that appear as parallel lines across indi-
vidual grains [4]. The stacking faults terminate at grain
boundaries on either side of the grain and can be seen
both in figure 2 and the high resolution TEM image of
figure 3a.

The conversion efficiency of CdTe solar cells is trans-
formed by an activation process [4]. In this process,
CdCl2 is deposited on the surface of the device held at
a high temperature typically 400 to 430 ◦C for about 20
minutes. This process is used universally in research lab-
oratories and in CdTe solar module manufacturing. Dur-
ing the process, chlorine rapidly diffuses along the grain
boundaries and accumulates both there and at the device
junction. The traditional n type ‘buffer’ layer has been
cadmium sulphide (CdS) and in this material the chlo-
rine also diffuses along CdS grain boundaries and then
accumulates along the interface with the transparent con-
ductor (Fluorine doped tin oxide (FTO)). It is not ob-
served to penetrate the FTO [5]. The CdS buffer layer in
recently improved devices has been replaced with wide-
band gap metal-oxides such as magnesium-doped zinc ox-
ide (MZO) to reduce optical absorption [6, 7]. The chlo-
rine does not decorate the MZO grain boundaries to the
same extent and the chlorine accumulates mainly at the
interface with the CdSeTe absorber. Although the chlo-
rine has been observed in the grain interiors, it is mostly
tightly bound to the CdSeTe or CdTe grain boundaries
as shown in the TEM/EDX/NanoSIMS image in Figure

Fig. 1: TEM/EDX/NanoSIMS Images of Cl
Treated CdTe. a) TEM image of as-deposited CdTe
showing grain boundary/interior structures. b) Same
region as in a) with EDX mapping post-treatment CdTe
with Cl shown in red; the Cl concentration is high in
the grain boundaries compared to bulk. c)
Low-resolution TEM image of treated CdTe with EDX
mapping of Cl atoms shown to have heavily segregated
to the grain boundaries and interfaces. d) 35Cl− signal
distribution on the back surface of the as-deposited
CdTe absorber showing Cl segregation at grain
boundaries after CdCl2 activation.

1c and d. This tight segregation has been confirmed in
computational work which showed that both interstitial
and substitutional chlorine atoms were 2 eV and 1 eV
more stable at the boundaries, respectively than in the
bulk [8].
The chlorine activation process causes a number of

changes to the microstructure and improves the electri-
cal performance. The presence of chlorine in the grain
boundaries and the removal of stacking faults in the as-
sociated grains are signals for the dramatic improvement
in cell efficiency. Here we use Density Functional Theory
(DFT) to explain how the passivation of the grain bound-
aries with chlorine and the removal of stacking faults are
linked together during the activation process [4]. It has
also been observed during a subsequent high temperature
anneal without the presence of CdCl2 that the chlorine is
removed and the high density of stacking faults return [9].
This is associated with a sharp drop in device efficiency
indicating a three-way correlation between the presence
of chlorine, stacking faults and device performance.
Figure 2 shows cross-sectional TEM images of a CdTe

layer which has undergone partial CdCl2 treatment.
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Fig. 2: Low-Resolution Cross-sectional TEM of
CdTe Layer. A TEM image of a cross-section of thin
film photovoltaic device after a partial activation
treatment with cadmium chloride. The grain marked
‘A’ contains a high density of stacking faults
terminating at each end at grain boundaries. Stacking
faults have been completely removed in adjacent grains.
Stacking fault removal in individual grains is concerted
and associated with the density of chlorine located in
the grain boundaries.

Stacking faults can be seen as parallel lines running
throughout the grain interior. Adjacent grains appear
to be in two distinct states of stacking fault removal; ei-
ther a high density of stacking fault layers can be seen or
the grain is clean of these planar defects. These images
suggest a stacking fault removal mechanism throughout a
grain interior starting at adjacent grain boundaries where
there is a local build up of chlorine. This implies that this
build up of chlorine at an adjacent grain boundary is key
to the removal of stacking faults in each individual grain
where the resultant grain structure can be seen in figure
3b after the high temperature chlorine treatment.

The atomic scale mechanisms responsible for grain
boundary passivation and stacking fault removal caused
by the cadmium chloride treatment are still poorly un-
derstood. A DFT study of the electrical properties of
stacking faults in CdTe showed that a range of intrin-
sic and extrinsic stacking fault arrangements are possible
and that the high energy types, such as the polytype
fault, would act as hole traps [10]. However high reso-
lution TEM experiments have shown that the stacking
faults in as-deposited CdTe are predominantly tetrahe-
dral faults [11] which DFT calculations have shown to
be electrically benign [12] confirming that the removal of

Fig. 3: High-Resolution TEM images of CdTe.
HRTEM images of CdTe a) before and b) after CdCl2
treatment showing the existence of a high density of
tetrahedral stacking faults (depicted by the red arrows)
in as-deposited CdTe which are removed during the
high temperature chlorine treatment leaving a purely
zinc-blende CdTe structure.

stacking faults is not directly responsible for the efficiency
increase.
Nomenclature varies but the most common tetrahedral

fault is termed a ‘twin stacking fault’ in recent exper-
imental work [11, 13, 14] and an ‘intrinsic tetrahedral
stacking fault’ in computational work [12]. A schematic
for this type of fault is shown in figure 4. For this fault
one layer of atoms is flipped compared to adjacent layers
to create a local wurtzite structure in the otherwise zinc-
blende lattice. It has been estimated from TEM images
that 48 % of layers in as-deposited CdTe have a twin/in-
trinsic tetrahedral stacking fault structure with the ma-
jority of these terminating at grain boundaries [11].

Fig. 4: Intrinsic Tetrahedral/Twin Stacking
Fault. a) HRTEM image showing an Intrinsic
Tetrahedral/Twin stacking fault [11]. b) Schematic of
this type of fault.

The removal of such stacking faults during the chlorine
treatment does not contribute to the efficiency increase
of the cell [12]. Polytype stacking faults are shown to be
detrimental to cell performance but these are not likely to
form in significant numbers, due to having ≃ 30 times the
defect energy compared to other stacking fault types [10,
12]. With few observations of polytype faults [11], the
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stacking fault removal process via the chlorine treatment
is likely to be a mechanical by-product of a separate effect
caused by the introduction of chlorine which improves the
efficiency.

It has recently been shown that grain boundaries in as-
deposited CdTe create cross-boundary Te-Te interactions
which cause electronic defects in these regions [8]. These
defects can increase electronic recombination causing the
low efficiency of the as-deposited cell. This work also
showed that if a single chlorine atom were to be present
at either interstitial or substitutional sites in an isolated
grain boundary structure both would result in defect pas-
sivation. If the same were true when many chlorine atoms
were present, this would explain the efficiency increase of
the CdTe solar cells after the chlorine treatment.

This work is a step change because it considers the
effect of chlorine saturation in a model system consisting
of a stacking fault terminating at two grain boundaries.
The model system consists of an intrinsic tetrahedral
stacking fault between two Σ3 (112) grain boundaries,
types commonly observed in TEM studies, one having a
Cd- and the other having a Te-core. Before the addition
of chlorine, 154 Cd and Te atoms were arranged in
a system approximately 4.57Å × 62.08 × 18.72Å with
periodic boundary conditions applied in all directions.
The 4.57Å thickness means effectively 1 atomic layer.
The structure was then relaxed using DFT to a local
minimum energy configuration. The resulting system is
shown schematically in figure 5a). It is worth pointing
out, that because of the periodic boundaries, the struc-
ture shown in figure 5a) really consists of two stacking
faults one between the two highlighted grain boundary
structures and one that wraps around through the
periodic boundaries.

Results

Figure 5b shows the same system as in figure 5a but
with the stacking fault removed. The relaxed structure
shows a small shift in the angle of the layers in the grain
interior, indicating strain in the system, but the struc-
tures of both grain boundaries are similar with only small
changes. The result of this stacking fault removal is a
system energy increase of 0.88 eV, implying that in the
untreated cell, the system including the stacking fault, is
more likely to form.

The energy barrier between the states shown in fig-
ure 5 a) and b) has been found using a Nudged Elastic
Band (NEB) [15, 16] calculation, the results of which are
shown in figure 6. It must be noted that this is before
chlorine treatment. The pathway between the two states
is found to be through a cascade which begins at both
grain boundary cores simultaneously whereby a Te atom
close to each boundary switches its bond to the adjacent
Cd. The arrows in figure 5b) indicate the Te diffusion
direction which initiates the stacking fault removal. The
metastable site at image 7 in figure 6 represents the struc-
ture where the stacking fault has been removed in the
vicinity of the grain boundary but in the middle of the

Fig. 5: Cd: Blue, Te: Red. Clean Σ3 grain boundary
structure. a) Stacking fault structure where the
stacking fault layer between two grain boundaries is
indicated by the rectangle. b) The same structure with
the stacking fault layer removed. The green arrows
indicate the Te atom displacements required to
transform to the structure shown in a).

Fig. 6: The energy pathway between figures 5a) to b),
determined by the nudged elastic band (NEB) method.
The intermediate minimum at image 7 represents the
structure in which the stacking fault has been removed
in the vicinity of the grain boundary but remains in the
grain interior.

grain interior, the stacking fault remains. A small barrier
is required from this point to complete the transition and
remove the entire stacking fault.
Since the transition from the system with the stacking

fault to the system without involves a barrier of over 1.75
eV and an increase in energy of 0.88 eV, it is unlikely
to occur in practice. Furthermore, the reverse barrier
of 0.87 eV for re-introducing a stacking fault is much
lower than to remove it. Experimentally, it has been
shown that stacking faults return when Cl is removed
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No. of Cl Energy Change

0 0.88 eV

9 0.86 eV

12 0.27 eV

13 -0.46 eV

14 -1.02 eV

15 -2.56 eV

16 -2.18 eV

18 -1.54 eV

Table I: System energy change on stacking fault
removal with varying amounts of Cl in the Σ3 structure
of figures 5a) and b).

through annealing as shown in figure 2. The transition
mechanisms without the presence of chlorine suggests it
is worth investigating if similar mechanisms exist when
chlorine is present in the grain boundaries.

Before considering the stacking fault removal mecha-
nisms themselves the relative stability of the structures
shown in figures 5a and b is investigated as chlorine atoms
are added to the grain boundaries and the energy differ-
ence between the relaxed structures, with and without

the stacking fault, is determined.
Table I shows the difference between the systems with

and without the stacking faults as the number of chlo-
rine atoms in the grain boundary is increased. With each
chlorine concentration, the structure is minimised with
and without the stacking fault layer from a variety of
starting chlorine positions. The chlorine configurations
which resulted in the lowest energy is used and the en-
ergy change recorded. This data suggests that increasing
the saturation of chlorine in the grain boundaries reduces
the energy change on stacking fault removal. The ‘switch
over’ occurs with a total of 13 chlorine atoms in the sys-
tem but the largest energy decrease is seen with 15 chlo-
rine atoms (≃ 20 % saturation) in the system which has
6 chlorine atoms in the Cd-core and 9 chlorine atoms in
the Te-core. At this point, the grain boundaries are sat-
urated since the addition of further chlorine not only re-
duces the energy difference but the chlorine atoms move
into the grain interior during the relaxation process.
The determination of a pathway between the two states

with and without stacking faults is more complex when
chlorine was present compared to the case when it was
absent. The procedure involved determining intermedi-
ate metastable states as suggested in the case without
the chlorine and stitching these together piece by piece
using the NEB method. This procedure was carried out
for the system containing 14 atoms, the NEB calculation
for which is shown in figure 7 with an overall barrier of
1.4 eV, easily overcome at 400◦.

Images before and after the stacking fault removal with
14 chlorine atoms can be seen in figure 8a) and f), respec-
tively. Large reconstructions have occurred in both cores
compared to the clean structures. The grain interiors
remain chlorine-free and bulk-like but exhibit the same
slight tilting seen with stacking fault removal without
chlorine.

Different states along the pathway are also shown in
figure 8. The initiation of the stacking fault removal oc-
curs in figure 8b) with the corresponding energies shown
in images 0 - 5 of figure 7. A Te atom close to the Cd-
core breaks its bond with an adjacent Cd and moves to
an interstitial position highlighted in the black rectangle.

From this structure, a Te cascade is initiated propa-
gating into the grain interior where each Te atom in the
stacking fault layer switches the Cd it is bonded to. The
result of the first of these movements can be seen in fig-
ure 8c). The stacking fault has only been removed in
the region indicated by the rectangle but remains in the
rest of the grain interior. Remarkably, this structure is
similar to one that has been imaged experimentally by
Chen Li et al. [17] finding that mid-grain dislocations
create a mid-grain stacking fault terminating at Cd/Te
dislocations. However, they were not able to elucidate
the whole removal mechanism from this image alone nor

do they have information on the saturation of chlorine
that triggers this removal mechanism. In our example,
the role of the Te dislocation is played by the Te-core
grain boundary and a Cd dislocation has been created
within the grain, indicated by the blue circle.

Subsequent barriers from image 15 to image 25 repre-
sent the cascading removal of the stacking fault via Te
diffusing along the stacking fault layer. This mechanism
has also been imaged by Chen Li et al. [17], showing
the Cd dislocation approaching the Te dislocation and
therefore the shortening of the stacking fault structure
via Te diffusion until the dislocations annihilate creating
a clean structure. Figure 8d) shows the result of this
cascading Te mechanism, each transition having a small
≃ 0.4 eV energy barrier. When the cascade reaches the
middle of the grain interior the system energy plateaus.
The process proceeds along the stacking fault layer until
the inner stacking fault between the grain boundaries is
removed. This occurs at image 25 of figure 7 with the
structure shown in figure 8d.

At image 25, the ‘wrap-around’ stacking fault still re-
mains but is subsequently removed by a similar Te cas-
cade process that begins at the Cd and Te cores simul-
taneously. The metastable state at image 30, figure 8e),
represents the ‘wrap-around’ stacking fault having been
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Fig. 7: NEB calculation of the stacking fault
removal process with 14 Cl. The change in energy
along the pathway from figure 8a) to f). Images 0 - 25
represent a Te cascade starting from the Cd-core and
completely removing the stacking fault between the two
cores. This mechanism can be seen in figure 8a) to d).
Images 25-34 represent the removal of the
‘wrap-around’ stacking fault through the cell’s periodic
boundaries. The mechanism here is shown in figure 8d)
to f) with a atomic mechanism similar to the 0 Cl case
where the stacking fault layer is removed first in the
vicinity of both grain boundaries simultaneously then in
the grain interior.

removed in the vicinity of the grain boundaries but re-
maining in the grain interior further from the boundaries,
indicated by the rectangle, similar to the mechanism with
no chlorine. This structure creates a Cd- and Te- dislo-
cation core shown in blue and red circles, respectively.
This structure again is similar to one identified experi-
mentally by Chen Li et al. [17] who saw this structure
annihilate via the same Te cascade mechanism under the
effect of the scanning beam used for atomic imaging, but
not due to chlorine saturation. From the structure in 8e)
we estimate that the overall barrier required to complete
this annihilation is 0.3 eV, shown in figure 7 images 30 -
34, which would be easily overcome at room temperature.
The resultant structure can be seen in 8f).

The pathway suggested above will allow for complete
removal of the stacking fault in the system and clearly
other pathways may be possible but due to large struc-
tural shifts in the model and the computational expense
involved in searching for these pathways this has not been
considered further.

In recent experimental and modelling studies, chlorine-
free CdTe grain boundaries, without stacking faults in
the adjacent grain interior, have been shown to contain
electronic defects which increase electronic recombina-
tion due to mid-band-gap defects [18, 19]. This work

focussed on doping Te grain boundary sites with substi-
tutional Cl to passivate these electronic defects. How-
ever, it has been recently shown that Cl interstitials will
also be present at the grain boundaries through segre-
gation calculations and are necessary to passivate fully
electronic defects in these regions [8]. These calculations
were carried out in a cell containing 136 Atoms in a sys-
tem 9.14Å× 46.3Å× 11.25Å, i.e. double the thickness of
our model. The passivation required 3 carefully placed
chlorine atoms, aimed at blocking ‘cross-boundary’ in-
teractions between Te atoms, to passivate fully these
defects. This suggests that a similar passivation effect
might occur with grain boundaries that are saturated
with chlorine.

The Density of States (DOS) plot of the stacking fault
structure shown in figure 5 is shown in figure 9(a). Sev-
eral defects are present in the band gap of the structure.
The most damaging to cell efficiency would be the defect
furthest from the Valence Band Minimum (VBM) be-
tween -0.4 eV and 0 eV which is most likely to undergo
Shockley-Reed-Hall recombination [20]. There are also
defects close to the VBM which are responsible for the
flat region extending from the VBM at ≃ -0.6 eV. These
defects in the structure with the stacking fault are sim-
ilar in nature to the defects found without the stacking
fault layer and no Cl present [8] with small differences
seen in the intensity of some defects most likely due to
the ‘thinner’ model.

Figure 10 shows the physical locations of the electronic
defects, concentrated as expected, at the grain bound-
aries. The defect in figure 10(a) is responsible for the
flat region extending from the VBM at ≃ -0.6 eV and is
caused by the ‘cross-boundary’ Te-Te interaction in the
Cd-core. Since the stacking fault layer is above the Cd-
core structure, the stacking of this layer does not impact
the structure of the Cd-core. It is thus expected that
this defect will be present regardless of the stacking fault
existence. An identical defect was also found in a struc-
ture without the stacking fault [8]. Figures 10(b) & (c)
are the defects responsible for the region between -0.4 eV
and 0 eV in the DOS and both originate in the Te-core.
The defect in figure 10(b) is concentrated on the ‘cross
boundary’ Te-Te interaction at the top of the Te-core and
this defect is accompanied by the Te at the bottom of the
Te-core in figure 10(c) which, while being correctly coor-
dinated, has non-standard bond angles with two adjacent
Cd atoms.

The physical location of these Te-core defects are dif-
ferent to those found without the stacking fault layer
[8], but the overall conclusion of ‘cross-boundary’ inter-
actions invoking electronic defects at the grain bound-
aries which cause defects in the band-gap of the cell is
the same.

The DOS plot for the model system with 14 chlorine
atoms in the grain boundary and with the stacking
fault removed is shown in figure 9(b). This shows clear
evidence of the chlorine passivation. The flat defect
extending from the VBM due to ‘cross-boundary’ Te-Te



7

Fig. 8: Atomic Mechanism of Stacking Fault Removal with Cl Saturated Grain Boundaries Cd: Blue,
Te: Red, Cl: Green. The energy profile for this mechanism is given in 7. a) (Image 0) Lowest energy stacking fault
structure with 14 Cl; the stacking fault layer is indicated by the rectangles. b) (Image 5) The removal is initiated by
a Te atom moving to an interstitial position with a 0.6 eV barrier shown in the rectangle. c) (Image 10) The Te
cascade has advanced by another step into the grain interior with a 0.6 eV energy barrier. d) (Image 25) The Te
cascade has completed the stacking fault removal between the grain boundaries with energy barriers of ≃ 0.4 eV. e)
(Image 30) The remaining ‘wrap-around’ stacking fault is removed in the vicinity of both grain boundary cores
simultaneously with 0.6 eV barrier. f) (Image 34) The stacking fault is fully removed resulting in 2.1 eV energy
decrease from previous metastable state and a 1 eV energy decrease from the original faulted structure.

Fig. 9: Normalised DOS Grain Boundary
Structure with Varying Cl Concentration.
Normalised DOS plot of (a) the clean Σ3 (112) grain
boundary structure containing a stacking fault layer
and (b) Σ3 (112) grain boundary structure containing
14 Cl without a stacking fault.

interaction in the Cd-core has been removed and there
is a significant reduction in the intensity of the main
mid-gap defect but with some defect remaining. Analysis
shows that all identified defects in figure 10 have been
removed and the remaining portion of the mid-gap
defect is the result of Te ‘noise’ throughout the structure

related to the single atomic layer thickness necessary for
the computationally expensive NEB calculations. We
also see a reduction of bands at the edge of the CBM
also contributing to the non-defective band gap that
would explain the the increased efficiency post CdCl2
treatment.

Conclusion
In this paper, we report for the first time the full mecha-
nism by which stacking fault removal occurs when CdTe
solar cells are treated with chlorine. This occurs through
a Te cascade mechanism that is triggered when the
grain boundaries are saturated by chlorine. The process
is demonstrated experimentally through high resolution
electron microscopy and nanoSIMS images which clearly
show the grain boundaries decorated with chlorine af-
ter the stacking fault removal. It is further shown that
the grain boundaries saturated by both interstitial and
substitutional chlorine remove defects in the band gap.
Therefore concluding that the stacking fault removal is
a bi-product of the chlorine treatment and that the im-
proved cell efficiency observed after the treatment is due
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Fig. 10: Partial Charges at the Grain
Boundaries with a Stacking Fault Layer Present.
(a) ‘Cross-boundary’ Te-Te interaction in the Cd-core
responsible for the defect level at ≃ -0.6 eV in figure 9.
(b) ‘Cross-boundary’ Te-Te interaction in the Te-core
partially responsible for the defect level between -0.6 eV
and 0 eV in figure 9. (c) Te defect caused by a
non-standard Cd bond angle at the bottom of the
Te-core partially responsible for the defect level between
-0.6 eV and 0 eV in figure 9.

to electronic defect suppression in the grain boundaries,

solving the mystery of why and how chlorine is so effec-
tive in improving the CdTe cell efficiency. The removal
of stacking faults is a useful but indirect, indicator that
chlorine in the grain boundary has reached a sufficient
concentration to passivate otherwise harmful defects.
Method
To keep the structures size to a minimum for NEB and
minimisation operations, only a single CdTe unit thick-
ness is used for the cell depth. The system size measures
4.58 × 61.97 × 18.73 Å with a grain width of 31 Å and
contains 154 atoms. The cell length was systematically
increased until the defect formation energy of chlorine
plateaued in the centre to give a bulk-like environment
for the defect. A 4×1×2 k-point grid is used with a 300
eV plane wave basis set cut off for all DFT simulations
of this cell which were done using VASP [21]. NEB cal-
culations used the modified solid state climbing image
NEB [16, 22, 23] alongside the double-nudging method
introduced by Wales et al. [24]. The size of the system
was chosen so as to contain enough atoms that the effect
of chlorine saturation in the grain boundaries and stack-
ing fault removal mechanisms could be observed, without
the necessity to use excessive amounts of computational
resources. Structures were relaxed until the forces on all
atoms converged to < 0.01 eV/Å. DFT calculations were
carried out using the PBEsol functional which has been
used previously for CdTe systems [8, 12, 25]. A study of
chlorine’s effects on grain boundaries at the hybrid DFT
level of theory is required to confirm and improve under-
standing of passivation mechanisms; static calculations
with 4 × 1 × 2 k-point grids were used.
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Figures

Figure 1

TEM/EDX/NanoSIMS Images of Cl Treated CdTe. a) TEM image of as-deposited CdTe showing grain
boundary/interior structures. b) Same region as in a) with EDX mapping post-treatment CdTe with Cl
shown in red; the Cl concentration is high in the grain boundaries compared to bulk. c) Low-resolution
TEM image of treated CdTe with EDX mapping of Cl atoms shown to have heavily segregated to the grain



boundaries and interfaces. d) 35Cl− signal distribution on the back surface of the as-deposited CdTe
absorber showing Cl segregation at grain boundaries after CdCl2 activation.

Figure 2

Low-Resolution Cross-sectional TEM of CdTe Layer. A TEM image of a cross-section of thin film
photovoltaic device after a partial activation treatment with cadmium chloride. The grain marked ‘A’
contains a high density of stacking faults terminating at each end at grain boundaries. Stacking faults



have been completely removed in adjacent grains. Stacking fault removal in individual grains is
concerted and associated with the density of chlorine located in the grain boundaries.

Figure 3

High-Resolution TEM images of CdTe. HRTEM images of CdTe a) before and b) after CdCl2 treatment
showing the existence of a high density of tetrahedral stacking faults (depicted by the red arrows) in as-
deposited CdTe which are removed during the high temperature chlorine treatment leaving a purely zinc-
blende CdTe structure.



Figure 4

Intrinsic Tetrahedral/Twin Stacking Fault. a) HRTEM image showing an Intrinsic Tetrahedral/Twin
stacking fault [11]. b) Schematic of this type of fault.



Figure 5

Cd: Blue, Te: Red. Clean Σ3 grain boundary structure. a) Stacking fault structure where the stacking fault
layer between two grain boundaries is indicated by the rectangle. b) The same structure with the stacking
fault layer removed. The green arrows indicate the Te atom displacements required to transform to the
structure shown in a).



Figure 6

The energy pathway between figures 5a) to b), determined by the nudged elastic band (NEB) method. The
intermediate minimum at image 7 represents the structure in which the stacking fault has been removed
in the vicinity of the grain boundary but remains in the grain interior.



Figure 7

NEB calculation of the stacking fault removal process with 14 Cl. The change in energy along the
pathway from figure 8a) to f). Images 0 - 25 represent a Te cascade starting from the Cd-core and
completely removing the stacking fault between the two cores. This mechanism can be seen in figure 8a)
to d). Images 25-34 represent the removal of the ‘wrap-around’ stacking fault through the cell’s periodic
boundaries. The mechanism here is shown in figure 8d) to f) with a atomic mechanism similar to the 0 Cl
case where the stacking fault layer is removed first in the vicinity of both grain boundaries
simultaneously then in the grain interior.



Figure 8

Atomic Mechanism of Stacking Fault Removal with Cl Saturated Grain Boundaries Cd: Blue, Te: Red, Cl:
Green. The energy profile for this mechanism is given in 7. a) (Image 0) Lowest energy stacking fault
structure with 14 Cl; the stacking fault layer is indicated by the rectangles. b) (Image 5) The removal is
initiated by a Te atom moving to an interstitial position with a 0.6 eV barrier shown in the rectangle. c)
(Image 10) The Te cascade has advanced by another step into the grain interior with a 0.6 eV energy
barrier. d) (Image 25) The Te cascade has completed the stacking fault removal between the grain
boundaries with energy barriers of  0.4 eV. e)(Image 30) The remaining ‘wrap-around’ stacking fault is
removed in the vicinity of both grain boundary cores simultaneously with 0.6 eV barrier. f) (Image 34) The
stacking fault is fully removed resulting in 2.1 eV energy decrease from previous metastable state and a 1
eV energy decrease from the original faulted structure.



Figure 9

Normalised DOS Grain Boundary Structure with Varying Cl Concentration. Normalised DOS plot of (a) the
clean Σ3 (112) grain boundary structure containing a stacking fault layer and (b) Σ3 (112) grain boundary
structure containing 14 Cl without a stacking fault.



Figure 10

Partial Charges at the Grain Boundaries with a Stacking Fault Layer Present.(a) ‘Cross-boundary’ Te-Te
interaction in the Cd-core responsible for the defect level at  -0.6 eV in figure 9.(b) ‘Cross-boundary’ Te-Te
interaction in the Te-core partially responsible for the defect level between -0.6 eV and 0 eV in figure 9. (c)
Te defect caused by a non-standard Cd bond angle at the bottom of the Te-core partially responsible for
the defect level between -0.6 eV and 0 eV in figure 9.


