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a b s t r a c t

The present work reports on a study on the microstructure and its evolution during processing of CdTe

absorber layers from CdTe/CdS thin film solar cells grown by low-temperature processes in substrate

configuration. Investigations were performed at different stages of the cell manufacturing, from

deposition to the final functional solar cell, with the aim to understand the microstructure formation of

the photoactive layer. To this end 3-dimensional microstructure characterization was performed using

focused ion beam/electron backscatter diffraction tomography ("3D-EBSD") together with conventional

2D-EBSD. The analyses revealed strong microstructural and textural changes developing across the

thickness of the absorber material, between the back contact and the p–n junction interfaces. Based on

the 3-dimensional reconstruction of the CdTe thin film, a coherent growth model was proposed,

emphasizing the microstructural continuity before and after a typical CdCl2-annealing activation treat-

ment. One of the principal results is that the absorber layer is created by two concomitant processes,

deposition and recrystallization, which led to different textures and microstructures. Further changes are

the result of subsequent annealing treatments, favoring twinning and promoting well-defined texture

components. The results open the possibility for a grain boundary engineering approach applied to the

design of such cells.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Cadmium telluride (CdTe) layers are efficiently used for solar

energy conversion in the form of thin film solar cells. Their par-

ticularly well-fitting optoelectronic properties (almost ideal

bandgap, high absorption coefficient and high thermal stability

[1,2]) are still driving the interests of both scientific communities

and industrial companies in the highly competitive world of

photovoltaic materials.

Recent developments of new thin-film deposition processes

and a better understanding of the material's electronic properties

enabled an important advance in the efficiency of such cells;

increasing from 10% in 1972 [3] to 22.1% in 2016. Nevertheless, the

low values of the achievable open circuit voltages (around

900 mV) remain problematic towards efficiency improvements.

The dependency of this parameter on the dopant density and the

minority carrier concentration emphasizes the crucial role of

crystallographic defects in CdTe-based cell efficiency [4,5]. Indeed,

grain boundaries, as one of the most frequent and prominent

defects in CdTe absorber layers, may act as diffusion pathways for

dopants. At the same time, they affect the carriers lifetime in a way

which remains, however, ambiguous [6–9]. A number of publica-

tions indicate that grain boundaries create deep energy levels in

the band gap, leading to a local enhancement of detrimental

Shockley–Read–Hall (i.e. trap-assisted) recombinations due to the

presence of wrong or dangling bonds at these interfaces [10–11].

Furthermore, local disruptions of the long range order have also

been proposed to result in a band bending confined to the grain

boundaries. The exact resulting band structure is, nonetheless, still

disputed. On the one hand, Woods et al. [8] proposed a double-

barrier model with a minority carrier barrier in the surroundings

of the boundary while the grain boundary core would repel

majority carriers. On the other hand, Galloway et al. [12] and

Durose et al. [13] proposed a single-barrier model where minority

carriers would be either repelled, according to the former, or

attracted by the interface potential, as reported by the latter.

Nonetheless, regardless of the considered model, it appears clear
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that grain boundaries are heavily altering the carrier mobility and,

as such, the open circuit voltage of the cell.

The electronic activity of grain boundaries is expected to

depend on their crystallographic and chemical character [14].

Crystallographically, these interfaces can be characterized by

5 rotational parameters, 3 for the lattice misorientation across the

interface and 2 for the position of the boundary plane with respect

to the crystal lattice [14]. In contrast to the frequent understanding

that only the misorientation across a grain boundary influences

the properties of the interface, the grain boundary plane actually

also plays an important role [15]. This becomes most strongly

evident at twin boundaries where the coherent interface

(a {111) plane in CdTe) has a very low energy; the opposite is true

for the incoherent one (e.g. on a {112) plane) [16,17]. The rotational

parameters can be determined using electron backscatter diffrac-

tion (EBSD) in a scanning electron microscope (SEM). Regular

two dimensional EBSD-based mapping of orientations (“orienta-

tion microscopy”) allows the classification of grain boundaries

based on their misorientation. Furthermore, the boundary trace

orientation delivers one additional parameter. A more compre-

hensive characterization is possible by focused ion beam/electron

backscatter diffraction (FIB/EBSD) tomography (also referred to as

3-dimensional orientation microscopy or commonly 3D EBSD)

which allows all five parameters to be determined. It also provides

a direct insight into the grain boundary network spatial arrange-

ment. The technique is based on the combination of successive 2D

EBSD orientation mapping and serial sectioning of the sample

using ion milling in grazing incidence [18]. The 3-dimensional

microstructure is then reconstructed using dedicated software. An

important benefit of this approach also lies in the possibility to

probe the evolution of a relevant set of parameters (grain size,

texture, grain boundary character distribution etc) through the

whole thickness (around 4 μm) of the strongly microstructurally-

anisotropic CdTe layers.

One of the main concerns regarding ion milling is the mod-

ification of the sample surface microstructure due to the incoming

high-energy ions. FIB milling is indeed known to induce crystal-

lographic damages in many semiconductor materials (for example,

30 keV milling of silicon samples using gallium ions does not

provide useable EBSD patterns due to too deep amorphisation of

the material [19], similar observations on non-metallic materials

have been reported by Zaefferer et al. [18,20]) and can lead to ion

implantation [21] or to the creation of a gallium contamination

layer which may modify the electronic properties of the sample.

Furthermore, in semiconductor materials, Mayer et al. [22]

reported that the amorphous layer, created after ion-assisted

surface sputtering, is likely to be proportional to the energy of

the incoming gallium ions, thus preventing its use in case of

materials having low bonding energies. Nevertheless, an extensive

study conducted by Rischau et al. [23] on ion-beam induced

damage formation in CdTe thin films, emphasized that the

high ionicity of the Cd–Te bonds facilitates recovery from such

surface modifications, and makes then the CdTe lattice highly

resistant to amorphization. These conclusions are in agreements

with the results obtained in this paper, where amorphization

of the absorber layer was never observed as a result of

milling using gallium ions accelerated at 30 keV. Therefore, FIB

techniques appear to be suitable in this case and can thus be

combined with orientation microscopy to perform tomographic

analyses.

CdTe absorber layers from CdTe/CdS solar cells may be grown in

two different configurations (Fig. 1), the conventional superstrate

configuration, and the substrate configuration, the latter being

investigated in this work. Two of the main advantages of this

configuration, compared to the superstrate one, are, on the one

hand, the possibility to deposit on non-transparent and flexible

substrates and, on the other hand, a better control of the p–n

junction properties due to its particular stacking sequence, as

detailed by Gretener et al. [24] and Williams et al. [4]. Independent

from the chosen configuration, CdTe solar cells have to undergo a

specific post-treatment, in order to achieve decent efficiencies,

during which chlorine is diffused into the material. This step is

usually performed by annealing the cell in presence of cadmium-

chloride (CdCl2) [2] or, as it has been recently proposed, magne-

sium chloride (MgCl2) [25]. Despite being the subject of numerous

studies, the real effects of this post-treatment are still not fully

understood, especially in terms of microstructural evolution. This

particular point will be discussed in Section 4.2.

In the present work, the texture and microstructure, including

grain boundaries, of CdTe thin films deposited in substrate con-

figuration by a low temperature process [24] were investigated

using 3D-EBSD. Based on the obtained results, the critical steps

governing the grain boundary network formation were identified

and a coherent growth model was proposed. This will be the

cornerstones of a future grain boundary engineering approach

applied to the design of such cells. The influence of the deposition

Fig. 1. CdTe/CdS solar cell grown in superstrate configuration (left) and substrate configuration (right). The glass substrate can be replaced by flexible and/or non-transparent

substrates [24].
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parameters will be discussed as well as the microstructural

changes induced by the CdCl2 activation treatment.

2. Experimental procedure

The investigations were performed on two complete CdCl2-

annealed CdTe/CdS solar cells in substrate configuration, the first

one deposited on a glass substrate and the second on a metallic

molybdenum foil.1 In addition, an as-deposited CdTe layer

deposited on glass using the same conditions was also inves-

tigated to understand the influence of the annealing treatments on

CdTe microstructure. Finally, a sample annealed without chlorine

(later referred-to as simply-annealed) was studied as well to

separate the effects of chlorine and heat treatment. All cells

were produced at the Laboratory for Thin Films and Photovoltaics,

EMPA Dübendorf in Switzerland using low-temperature processes,

following the stacking sequence substrate/Mo/MoOx/CdTe/CdS/

ZnO as described in [26]. They were all deposited at a substrate

temperature of 350 °C to a final thickness of approximately

4 mm. Only the two complete cells underwent two CdCl2-anneal-

ing post-treatments. In both cases, the post-treatment was per-

formed by depositing a CdCl2 layer on top of the stack (the first

one occurring after the CdTe deposition step and the second after

depositing the CdS layer), followed by an annealing step at 435 °C

for 25 min and 360 °C for 25 min respectively in an oxygen-

containing ambient. The layer annealed without chlorine under-

went a single heat treatment under the same condition (435 °C for

25 min).

All samples were cut such that the cross section of the

absorber layer was accessible at the edge of the sample. Then, in

order to ensure good electrical conductivity and to minimize

detrimental charging effects during SEM imaging, the non-

conductive glass substrate was coated with silver paste. All pie-

ces of information on the herein discussed samples are sum-

marized in Table 1.

The SEM and EBSD investigations were performed using a

Zeiss-Crossbeam XB 1540 FIB-SEM consisting of a Gemini field

emission gun electron column and an Orsay Physics ion beam

column mounted 54° from the vertical. For EBSD orientation

mapping, an EDAX-TSL EBSD system with a Hikari camera was

employed.

FIB–EBSD tomography was achieved by removing successive

layers of material using gallium ion milling in grazing incidence at

30 keV acceleration voltage, a FIB working distance of 7.94 mm

and an ion beam current of 500 pA. Two dimensional EBSD-

orientation mapping was then performed on a free surface

inclined 70° towards the primary beam. The electron acceleration

voltage was 15 keV the working distance 13 mm and the electron

probe current 10 nA. In order to allow automated data acquisition

and serial sectioning, a fiducial marker was used to realign the

images before and after each sequence by image recognition. The

sample movement was performed according to the so-called “tilt

setup” as has been detailed by Zaefferer et al. in [18],[27]. For each

slice, three different areas were sequentially milled as depicted in

Fig. 2. Two lateral surfaces were firstly milled to prevent sha-

dowing effects from the neighboring material. The top surface was

then sputtered in two steps: the first was a coarse milling, using a

2 nA beam current, aiming at removing material at the bottom of

the milling field; this was followed by a smooth milling step with a

500 pA current, delimiting the area of interest on which the

orientation mappings were performed. The FIB parameters for

each step are summarized in Table 2. After each complete session,

the beamwas moved towards the surface to remove the next layer

of material. In order to investigate the CdTe absorber layer, both

the transparent conductive oxide (TCO) and the CdS layer (Fig. 1)

had to be removed by FIB using a 2 nA, 30 keV accelerated Gaþ ion

current. Once the absorber layer was exposed at the free surface,

FIB–EBSD tomography was invoked. The orientation data were

measured on a 3-dimensional cubic lattice with 70 nm step size in

all 3 dimensions.

The collected EBSD orientation data were analyzed using EDAX-

TSL OIM Analysis© version 6.2. All datasets were cleaned up first

using grain confidence index (CI) standardization and then a grain

dilation algorithm (single iteration). Both algorithms belong to the

standard functions of the OIM Analysis software. Application of

these functions guarantees that all accepted data points have good

confidence for their orientation correctness. Furthermore, low-

confidence data points directly on grain boundaries will be

assigned to one or the other grain across the boundary in order to

allow smooth grain boundary reconstruction. The 3D reconstruc-

tion and related pole figures were obtained using the in-house

Table 1

Samples description.

Samples Substrate Post-treatments Volume probed (3D

EBSD)

2 Complete cells Glass Mo 2 CdCl2-annealing

(435 °Cþ360 °C,
25 min)

630 μm2 3.5 μm

760 μm2 4 μm

As-deposited Glass N/A 875 μm2 3.5 μm

Simply-annealed Glass Single annealing, no Cl

(435 °C, 25 min)
950 μm2 3.8 μm

Fig. 2. Schematic of the FIB/EBSD tomography milling sequence. Red dashed

arrows indicate the incoming gallium ions direction. (For interpretation of the

references to color in this figure, the reader is referred to the web version of this

article.)

Table 2

Milling sequence parameters.

Objectives FIB parameters Milling time

TCO/CdS removal 2 nA/30 kV once until CdTe layer is

visible

Lateral milling 2 nA/30 kV 30 s for every slice

Rough surface milling 2 nA/30 kV 60 s for every slice

Fine milling for EBSD

mapping

0.5 nA/30 kV 450 s for every slice

1 It is important to note that “deposited on glass”, respectively “on molybde-

num”, only refers to the substrate composition. In both cases, CdTe is deposited on

a Mo/MoOx back contact (see Fig. 1).
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developed post-processing software QUBE2 version 1.2.0.1 [28].

This is performed based on the voxelized structure resulting from

the stacking of consecutive EBSD datasets. The voxel structure

which is then substituted by a tetrahedra-based mesh along large

angle grain boundaries, allowing a misorientation angle of at least

5°. This mesh is then refined using a Laplacian smoothing algo-

rithm [28], enabling the crystallographic analysis of three

dimensional grain boundaries. In the following, the “recon-

structed” grain boundary network refers to the meshed interfaces

network.

Once grain boundaries are meshed the software QUBE may return

all their 5 rotational parameters, i.e. the angle and axis of mis-

orientation and the crystallographic grain boundary surface normal. In

cases of special boundaries, the misorientationwill not be described as

axis-angle pair but by means of the coincidence site lattice (CSL)

model, which describes how many coincident atomic sites are formed

between two misoriented crystals. The inverse of the fraction of

coincidence points over all lattice points is expressed by the Σ-value.
Twins are described by Σ¼3 or alternative by a 60° rotation about the
〈111〉axis. Other special boundaries considered in this paper are Σ¼
5 (36.9°〈100〉), Σ¼7 (38.2°〈111〉), and Σ¼9 (38.9°〈110〉).

Due to sample charging, significant misalignment and distor-

tions are expected between successive measurements. The

misalignments were corrected by realigning all collected datasets

prior to 3D reconstruction using the algorithm provided by

EDAX-TSL OIM Analysis© and a manual realignment graphical

user interface specifically developed at this aim. Nevertheless,

the map distortions cannot be corrected yet and are, thus,

responsible for small reconstruction artifacts.

For statistical comparison and texture measurement at the

mesoscale ("2000 grains), several large-area 2-dimensional

EBSD scans were performed on each sample at the two critical

interfaces (p–n junction interface and back contact interface).

These measurements were carried out using the same conditions

as those above-mentioned for the 3D EBSD scans. A comparison

between these large data sets and the smaller ones (about 300

grains each) from the 3D measurements shows that the later are

still a reasonably good representation of the material in terms of

texture and grain sizes.

Crystallographic textures were calculated using spherical har-

monics expansion with an expansion coefficient of 34 and a

Gaussian spread of 5°. All pertinent texture components are fiber

textures with a fiber axis parallel to the deposition direction (z-

direction). This is typical for thin films grown on amorphous

substrate, where no sharp in-plane texture is observed

[29]. Therefore, only inverse pole figures for the crystal directions

in z-direction of the film are presented in the following discussion.

Fig. 3. Reconstructed grain boundary networks of the complete cell. (a) Grains colored for the crystallographic direction parallel to the growth direction, (b) the complete

grain boundary network colored according to the disorientation angle, (c) only random high angle grain boundary network colored according to the disorientation angle,

(d) only Σ3 twin boundary network colored according to the boundary plane crystallographic components (blue color denotes twin boundary developing on a {111} plane)

and (e) corresponding boundary plane inverse pole figure indicating that twin boundaries are mostly developing on {111} planes (maximum intensity "1000 MRD). (For

interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

2 QUBE now commercially available through Bruker Nano.
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3. Results

In the present work two substrates were used for deposition,

glass and Mo foil. The Mo substrate was particularly interesting for

the experimental investigations, as it significantly reduces charging

during 3D electron microscopy investigations, thus decreasing the

amount of realignment required for a proper 3D reconstruction.

Fig. 4. (a) Image quality maps (top surface view) of the p–n junction interface and (b) of the back contact interface of the fully annealed structure. Grain boundaries are

color-coded according to their rotational parameters. Same grains present at the two different interfaces are marked to evaluate their evolution more easily. [001] Inverse

pole figures, displayed below, are based on mesoscale texture measurements ("1700 grains).

Fig. 5. Complete cell as-measured in-plane grain size (blue circles) and twin-cor-

rected grain size (red rhombi) evolutions across the film thickness. Linear trend-

line slope of the as-measured grain size is 0.376, intercept is 2.36 μm and R2 is
0.9715. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)

Fig. 6. Evolution of the {111} (blue circles) and {112} (red rhombi) texture com-

ponents sharpness across the film thickness (complete cell). Texture sharpness is

calculated with a 5° tolerance about the relevant crystallographic axis. (For inter-

pretation of the references to color in this figure, the reader is referred to the web

version of this article.)
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3.1. Complete, CdCl2-annealed cell

As presented in the reconstructed grain boundary networks in

Fig. 3(b) and (c), the microstructure consists of columnar grains,

enveloped by random high angle grain boundaries and standing

perpendicular to both the substrate and p–n junction. The

columnar grains are intersected by first order twin boundaries as

shown in Fig. 3(b) and (d). Their density increases towards the p–n

junction as it can be clearly observed in the image quality maps3

presented in Fig. 4(a) and (b) and as it will be shown later in Fig. 7.

Such a specific microstructure can also be described in terms of

columnar twin related domains (TRD), the crystallographic

description of which has been the subject of extended works [30].

The microstructures observed at the top and bottom of the

absorber layer exhibit manifest disparities in many regards. Firstly,

the in-plane grain size is about 35% smaller at the p–n junction

interface than at the back contact (around 2.44 μm at the p–n

junction, averaged over 1600 grains and 3.28 μm at the back contact,

averaged over 1900 grains). From the tomography data, the evolution

of the in-plane grain size can be expressed as a function of the depth

across the layer thickness as plotted in Fig. 5. An almost linear evo-

lution of this parameter, decreasing in the growth direction, is

observed. In contrast, the twin corrected grain size, that is, the grain

size measured if the Σ3-misoriented grain boundaries (i.e. twin

boundaries) are ignored when determining the grain boundary

network, is depth-independent. This is a result of the previous

statement that TRDs extend across the whole layer thickness.

The crystallographic texture of the material also strongly evolves

along the deposition axis. At the p‐n junction interface, as displayed

in the inverse pole figure in Fig. 4(c), a slight {112}|| growth direction

(GD) fiber texture, with an intensity of about 3 times of a random

pole distribution (“mrd”¼multiples of random distribution), is

observed. Furthermore much weaker components close to {111}||GD

and {127}||GD (which results from twinning from the {111}||GD

orientation as will be later shown and discussed in Fig. 12) are visible.

Nevertheless, close to the back contact (i.e. where the deposition

initially starts), the texture can be comprehensively described by a

double fiber texture with a sharp {111}||GD component (maximum

observed sharpness being around 7.8 mrd) together with a much

weaker {112}||GD one (in the order of 3 mrd) as can be seen in Fig. 4

(d) and in Table 4. The evolution of the intensities of the {111}||GD

and {112}||GD fiber texture components across the layer are displayed

in the pole plot presented in Fig. 6. The values used in this chart are

obtained by integration over all pole figure intensities within the first

5° around its center. The graph emphasizes the strong decrease of the

{111} pole intensity with increasing deposition thickness whereas the

sharpness of the {112}||GD component remains relatively stable over

the whole film thickness.

In addition to grain size and texture analyses, the grain boundary

character distribution (Table 3) can also be deduced from EBSD

measurements. The aforementioned microstructural and textural

evolutions coincide with an increase of the first order twin

boundaries fraction (Σ3) as depicted in Fig. 7. While its value is

estimated at around 30% of the total grain boundary length at the

back contact, it reaches up to 60% at the p–n junction. Such high

amounts of twins were already reported in annealed-CdTe thin

films [31,32]. In addition, the high percentage of Σ9 interfaces,

reported in Table 3, is directly related to the widespread occurrence

of Σ3 ones as their existence is geometrically enforced by successive

twinning between adjacent grains (second-order twins).

From the 3D orientation datasets, the full five-parameter char-

acter of grain boundaries was determined. In the stereographic

projection presented in Fig. 3(e), the density distribution of the

crystallographic directions of the grain boundary normals is plotted

for the Σ3 interfaces. The high density of boundary normals around

the 〈111〉 direction indicates that most of them are coherent twins.

Despite this observation, incoherent segments, including {112}/{112}

and {111}/{115} boundary planes, with lengths up to 2 μm have also

been observed. However, they represent only a marginal proportion

of the total twin boundary network.

3.2. As-deposited CdTe absorber layer

The thin film in the as-deposited state was investigated in the

same manner as the complete cells and its microstructure was

found to be very different from the annealed one.

At the top surface, i.e. the position of the later p–n junction,4

the microstructure consists of small {111}||GD oriented columnar

Table 3

Averaged grain boundary character distribution at the layers interfaces (complete cells). Arrows indicate the evolution from back contact to p-n

junction

Boundary Type Back Contact P-N Junction

Low Angle Boundaries (o 15°) 6.9% 2.1%

Σ3, 5, 7 and 9 29.5% 61 %

Σ3 only 25.5% 56.4 %

Random High Angle Boundaries 63.6% 36.9 %

Total Boundary Length 4 mm 4.6 mm

Fig. 7. Evolution of the low angle boundaries, Σ3 and high angle boundaries frac-

tion across the film thickness (complete cell). The upper disorientation limit to

define low angle boundaries is set to 15°.

3 Image quality is calculated as the sum over the Hough peak intensities, which

corresponds, roughly, to the total intensity of the Kikuchi bands in an EBSD pattern;

the KAM value is calculated as the average over all misorientation angles calculated

between the center pixel and all its neighboring pixels in a kernel.

4 The as-deposited material does not have a p–n junction. Nevertheless, for

consistency with the other samples we will refer to the area at the free surface of
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grains (later referred-to as fine-grained matrix), as visible in Figs. 8

(a) and 9(a), with an in-plane grain size in the order of 0.75 μm as

already reported by several authors [24,32]. This value is 4 times

smaller than grain diameters observed in the annealed material at

the same position. Moreover, the acquired Kikuchi patterns are of

poor quality, many of them consisting of the superimposition of

two neighboring grain patterns. Indexation is thus delicate,

resulting in the presence of the low confidence-index regions

visible in Fig. 9(a).

In contrast, at the back contact interface, grains are significantly

larger, in the order of 3 μm (Figs. 8(b) and 9(b)), which is com-

parable to the ones measured at the same location in the complete

cells. In the core of the material, the grain size distribution is

bimodal; the layer consisting of a combination of the two grain

morphologies previously described (one example is given in Fig. 14

which will be later discussed). The transition between the two

regimes is markedly visible in Fig. 10 where the depth dependence

of grain size is plotted. While some big grains already reach the

top surface, around 85% of the microstructure consists of the fine-

grained matrix in the last 2 μm below the p–n junction.

A strong texture evolution is also concurrently observed along

the growth direction, as depicted in Fig. 11. While the area close to

the p–n junction exhibits an extremely sharp {111}||GD fiber tex-

ture (see also Fig. 9(c)), the intensity of the {111} pole decreases

with the distance to the back contact. An opposite trend is fol-

lowed by the {112} pole intensity. At the back contact, the textures

of the annealed and as-deposited samples show strong simila-

rities. Both consist of a double {111}–{112} fiber texture (Figs. 4

(d) and 9(d)) with comparable fractions of intensities. However,

the total texture strength is higher in the complete cell. This will

be later discussed in Section 4.2. All corresponding texture data

are summarized in Table 4.

Grain morphologies and textures can be directly correlated by

considering only the relevant fiber components, as shown in

Fig. 12, resulting in the color-coded grain maps presented in

Fig. 13. It is manifest that the fine-grained matrix is exclusively

composed of {111}||GD oriented grains. Therefore, the decrease in

texture sharpness is concurrent with the consumption of this

matrix by the larger grains as visible in Fig. 11. In other words, the

volume ratio of large grains to matrix grains, enforcing the grain

size distribution, also governs the orientation spread. Furthermore,

now only considering these thickest crystallites, it becomes

apparent that only constituents of the {112}||GD fiber (and their

related twin components) exhibit a significant growth along the

deposition axis. It has to be emphasized that the region labeled as

"fine-grained matrix" in Figs. 10 and 11 contains a small number of

large crystallites which strongly affect the texture due to their

large in-plane area (Fig. 11) but are almost invisible in the grain

size distribution (Fig. 10) due to their small number.

A further major difference between the as-deposited and

annealed sample lies in the presence of a high number of low

angle grain boundaries in the fine-grained matrix suggesting the

presence of a high density of geometrically necessary dislocations.

This observation is confirmed by the average value of the kernel

average misorientation (KAM) which is directly proportional to the

GND density [33] and a high fit value, as displayed in Fig. 14. The

average KAM value is estimated to around 0.75° at the p–n junc-

tion surface, which is between three and four times higher than

the values measured at the back contact interface. The detailed

Fig. 8. (a) 3-Dimensionnal reconstruction of the as-deposited layer, (b) large grains developing from the back contact interface and (c) part of the fine-grained matrix present

close to the p–n junction interface. Subset selection is based on the 3-dimensionnal volume of the grains; from 1 to 5000 voxels for the fine-grained matrix and above 5000

voxels for the large grains. Coloring is according to the crystal direction parallel to the deposition direction.

(footnote continued)
this sample, which corresponds to the p–n junction of the annealed sample, as p–n

junction.
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grain boundary character distribution evolution is presented in

Table 5.

Finally, it is important to note here that there exists a third set

of grains, encircled in Fig. 9(b), which is present only in the first

100–200 nm from the back contact interface. These grains are of

intermediate size and neither belong to the {111} nor to the {112}

fiber but rather exhibit random orientations. Moreover, their

Fig. 9. (a) Image quality maps of the p–n junction interface (top surface view) and (b) the back contact interface of the as-deposited material. Grain boundaries are color-

coded according to their rotational parameters. Same grains present at the two different interfaces are marked to facilitate the evaluation of their evolution. [001] Inverse

pole figures, displayed below, are based on mesoscale texture measurements ("3000 and 13,000 grains respectively).

Fig. 10. As-deposited in-plane grain size (blue circles) and twin-corrected grain

size (red rhombi) evolution across the film thickness. (For interpretation of the

references to color in this figure, the reader is referred to the web version of this

article.)

Fig. 11. Evolution of the {111} (blue circles) and {112} (red rhombi) texture com-

ponents sharpness across the film thickness (as-deposited cell). Texture sharpness

is calculated with a 5° tolerance about the relevant crystallographic axis. (For

interpretation of the references to color in this figure, the reader is referred to the

web version of this article.)
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relatively high image quality and low fit values indicate a low

defect density which discriminate them from the rest of the

matrix.

The texture and microstructure of the sample annealed without

chlorine (“simply annealed”) represent an intermediate state

between the as-deposited and the fully annealed sample. As

noticeable in Fig. 13, the consumption of the highly textured fine-

grained matrix by large crystallites still proceeds. The remaining

bits of the {111}||GD small grains at the free surface are conse-

quently only representing half of its total in-plane volume fraction.

4. Discussion

The absorber layer was deposited at a temperature of 350 °C. At

the end of this deposition process the solar cell is not a working

device yet and needs to undergo further heat treatments. We will

first discuss the mechanisms active during the deposition step

before addressing the structural changes promoted by the chlorine

activation treatments.

4.1. Microstructure and texture evolution during deposition

4.1.1. Grain morphology
At first sight, the microstructure of the as-deposited layer

challenges general expectations: large grains are present at the

position of nucleation (back contact interface) (Fig. 9(b)), while

very small ones exist far away from the original seed layer (Fig. 9

(a)), where growth would have been expected. This paradoxical

observation can however be easily unraveled considering the fact

that deposition occurs at a temperature of 350 °C; a regime where

grain growth processes are already highly active. Consequently,

the material which was deposited first (i.e. at the seed layer) had

much longer time to undergo grain growth than the upper part of

the layer, which was later deposited. Therefore, it may be assumed

that the fine-grained microstructure present at the p–n junction is

a depiction of the early deposition microstructural state. With

increasing proximity to the back contact, the material has

experienced longer annealing and grain growth, ultimately

replacing the native grain arrangement. This statement is also

supported by the presence of serrated grain boundaries (Fig. 9(b))

at the substrate interface suggesting that growth processes still

proceed.

Additionally, the presence of small grains, with reduced defect

density, very close to the substrate interface (encircled in Fig. 9(b))

may be indicative of a recrystallization nucleation event occurring

simultaneously to deposition. This may occur by grain boundary

bulging of existing crystallites due to the deformation built-in

during material deposition. It is, nonetheless, delicate to assign

these nuclei to pre-existing nucleation sites as the latter are ipso-

facto replaced by the recrystallized microstructure and because

twinning events tend to pseudo-randomize their orientations.

However, it is a fact that this set of small grains neither belongs to

the {111} fiber nor to the {112} one and only exists in the as-

deposited layer (i.e. are later consumed by crystallites in their

Table 4

Texture component intensities (multiples of random density). Data are taken from

the inverse pole figures presented in Figs. 4 and 9.

Sample Back contact p–n junction

{111} {112} {111} {112}

As deposited "5 "3 "18 o1

Simply-annealed "4 "3 "10 "3

Complete cells "8 "4 o2 "3

Fig. 12. Inverse pole figure taken along the growth direction displaying the crystal directions resulting from first order twinning from (a) a {112}||ND and (b) {111}||ND

orientations. Poles are displayed with a 5° orientation spread. (c) and (d) display the {111} twinning planes and the {100} cube planes for (c) a typical {112}||ND and (d) a

typical {111}||ND oriented grain. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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vicinity), emphasizing the clear orientation-dependence of the

growth process which is discussed in the next part.

4.1.2. Texture evolution
We first discuss the crystallographic origin of the different

observed texture components, as they are displayed in Figs. 12 and

13.

During deposition, two independent texture components are

formed, the {111}||GD fiber, marked in blue in Figs. 12 and 13, and

the {112}||GD one, marked in red. The highest occurrence of the

former can be inferred considering that {111} planes have the

highest polarity and the highest atomic density in the sphalerite

structure. As such, it is expected that {111}||GD-oriented grains

constitute a good compromise between interface and surface

energy minimization [29,34]. Similar {111}||GD as-deposited fiber

textures have been frequently reported in the literature, inde-

pendent of substrate and deposition configuration [35,36] (except

for cases with epitaxial deposition). Besides these energy-argu-

ments, the 〈111〉 direction is also deposited at highest growth

speed, probably because of the ease of construction of the dense

{111} planes [35].

Less expected is the presence of {112}||GD grains. The appear-

ance, admittedly sparse, of such grains in the fine-grained matrix

suggests that this orientation also satisfies, in a lesser extent, the

energetic requirements of deposition previously stated.

Besides these major fibers there exist 3 minor components

which are in twinning relationship with the major ones, as indi-

cated in Fig. 12. These are the {115}||GD component as a twin of

from the {111}||GD fiber, and the {127}||GD as well as {255}||GD

components as twins from the {112}||GD fiber. The {127}||GD is

created by twinning on one of the 60° inclined axes (see the pole

figures Fig. 14 (c) and (d)) and the {225}||GD by twinning on the

single 20° inclined axis.

The texture transition, from the very sharp {111}||GD texture of

the matrix to the double fiber description observed at the back

contact, can be comprehensively described in terms of growth

with orientation selection. This is in support to the foregoing

hypothesis suggesting that deposition and growth occur con-

currently. Using 3D EBSD, it is indeed possible to compare the out-

of-plane growth rate of constituents of different fibers. It then

appears that {112}||GD oriented grains and their twins develop

much faster than {111}||GD ones. This is distinctly visible in Fig. 13

(a) and (c), where some {112}||GD oriented grains are already

found to extend across the whole layer thickness, and to exhibit

significant lateral sizes, by the end of deposition. This observation

suggests that the kinetic and energetic parameters, promoting the

{111}||GD texture during the thickening of the layer, change in the

growth stage, leading to a faster growth of the {112}||GD compo-

nent. Zoppi et al. [35] proposed that this is due to the presence of

fast-growing Te-terminated planes perpendicular to the substrate

in {112}||GD oriented grains. Nevertheless, this would result in the

formation of anisotropically-shaped crystallites and would also

promote the growth of {110}||GD grains. Both of these features are

not observed experimentally.

It is in fact not clear why grains from the {112}||GD fiber over-

grow their neighborhood or, in other words, why the {111}||GD

orientation is not favored anymore upon grain growth. Never-

theless, several hypotheses can be advanced:

Fig. 13. Fiber-colored orientation maps at the extreme positions of each sample (upper part: p–n junction interface and bottom part: back contact interface). First column

corresponds to the as-deposited layer, second column to the layer annealed without chlorine and last to the complete cell. Blue grains belong to the {111} fibers, red to the

{112} and green and yellow are in twinning relationship with {111} and {112} respectively. Tolerated deviation angle is set to 12°. Grain boundaries are indicated by black

lines and Σ3 boundaries by white lines. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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# On the one hand, {111}||GD grains are subject to texture pinning

since this is the main fiber component of the as-deposited state.

When assuming 15° as the maximum misorientation for low-

angle grain boundaries, which are supposed to have reduced

growth mobility, 25% of the encounters between two {111}||GD-

oriented grains will result in the formation of such an interface.

In contrast, {112}||GD oriented grains will never form a low-

angle grain boundary with grains from the {111}||GD fiber.
# The initial as-deposited microstructure may exclusively be

{111}||GD textured because of both surface and substrate

interface energy minimization. At the back contact interface,

however, where growth starts, only the substrate interface

energy has to be taken into account since the grains do not

exhibit free surfaces anymore. Therefore, it can be envisaged

that the {112}||GD orientation minimize this parameter despite

having a higher surface energy which would prevent them

from massively nucleating in the early stage of deposition. This

energetic difference might be due to the polarity difference

between the highly polar {111} planes and non-polar {112}

ones [37]. Moreover, it is known that (111) A Cd planes and

(111) B Te planes have different interface energies due to their

dissimilar chemical compositions [38] leading to a higher

growth rate of the A-type planes. If the above assumption is

true, the observed abnormal growth could be polarity-selec-

tive, which we cannot check, however.
# {111}||GD and {112}||GD grains do not accommodate elastic

strain in the same way because of the anisotropy of the different

effective biaxial moduli of CdTe (CdTe Zener anisotropic factor is

2.1 [39,40]). As such, the strain energy density developing at the

Fig. 14. EBSD-based measures of defect densities: Image quality, kernel average misorientation (1st neighbor) and fit map (linear color scales). Upper row: as-deposited cell,

maps taken halfway between the back contact and p–n junction interfaces. The bimodal grain size distribution is clearly visible and the defective state of the fine-grained

matrix as well (low confidence index, high KAM value and high fit value). Larger grains developing from the back contact appear with a much lower defect density. Lower

row: fully-annealed cell close to back contact.

Table 5

Averaged grain boundary character distribution at the absorber layer interfaces of the as-deposited cell. Arrows indicate the evolution from back

contact to p-n junction

Boundary Type Back Contact P-N Junction

Low Angle Boundaries (o 15°) 4.2% 13.2%

CSL Boundaries (Σ3, 5, 7 and 9) 47.2% 42.3%

CSL Boundaries (Σ3 only) 44.7% 40.5%

Random High Angle Boundaries 48.6% 44.5%

Total Boundary Length 5.5 mm 2 mm
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substrate interface is higher in {111}||GD grains which would in

turn favor their consumption [29].
# Finally, as the {111}||GD grains grow quicker during deposition

they seem to accumulate more growth defects, most probably

stacking faults, as compared to their {112}||GD counterparts. As

a consequence, there is a higher driving force for {112}||GD

grains consuming {111}||GD grains than vice versa.

4.1.3. Growth model
The microstructural evolution observed during the deposition

step can be caused by three distinct processes [41]. The first is

primary recrystallization (RX), which requires the nucleation of

new grains, whose growth is then driven by the consumption of

grain-internal defects (mainly dislocations); the second is normal

grain growth (NGG), which proceeds by homogeneous growth of

already existing and mainly defect-free crystals, the driving force

being the grain boundary energy; and finally abnormal grain

growth (AGG), also referred to as secondary recrystallization,

which proceeds, after a nucleation stage, by growth of only few,

well-selected grains out of a matrix of already defect-free grains.

In the last case, the selection process (which is a kind of a

nucleation process) is in many cases unclear. It may be due to

grain-internal defects, but also due to special grain boundary

properties. The driving force is, as is in the case of NGG, the energy

stored in the grain boundaries.

The bimodal grain size distribution and the strong micro-

structural change between the two relevant interfaces, observed in

the thin film, exclude the possibility of normal grain growth.

Nevertheless, it is not straight-forward to make the distinction

between primary and secondary recrystallization. Indeed, on the

one hand, the as-deposited grains show a high amount of grain-

internal defects, as pointed out by all defect indicators obtained by

EBSD, i.e. low image quality, high value of the kernel average

misorientation (KAM) and high fit value (Fig. 14).5 On the other

hand, the consumed matrix is composed of a high number of very

small grains and, as such, exhibits a substantial boundary density.

Therefore, both phenomena can be reasonably expected and only

an estimation of the driving force intensity can discriminate

between the two.

In the case of primary recrystallization, the driving force is

given by the stored dislocation energy as displayed in Eq. (1) [41]:

PRX ¼ 0:5 ρGb2 ð1Þ

where ρ is the dislocation density released during recrystalliza-

tion, G is the shear modulus and b the norm of the dislocation's

Burgers vector (a/2 〈110〉 for face-centered cubic materials with

a¼648 pm the lattice constant of CdTe). Based on the data

reported in [40,42,43], the shear modulus of CdTe can be averaged

at 11.7 GPa. The average dislocation density is estimated using the

KAM parameter obtained by EBSD. Indeed, according to Konij-

nenberg et al. [33] this value is directly proportional (under some

assumptions) to the geometrically necessary dislocations (GND)

density as expressed in Eq. (2):

ρ¼ c= bað Þ
� �

 KAM ð2Þ

where b is the norm of the Burgers vector, a is the step size of the
measurement and c is a constant in the order of 3–5. In order to

obtain proper KAM values the effect of orientation noise in the

measurement has to be taken into account. Therefore, the para-

meter used in Eq. (2) is in fact the difference between the average

KAM value in the defected matrix and the one in well-

recrystallized grains. From statistical analysis of the data

obtained by EBSD, average GND densities of 7.6 1014m&2 and

1.14 1014m&2 are estimated in the fine-grained matrix and in

the larger grains respectively. According to Eq. (1), this corre-

sponds to a driving force for primary recrystallization of 0.8 MPa.

Correspondingly, the driving force for secondary recrystalliza-

tion is given by the energy of the consumed boundaries which can

be approximated by Eq. (3) [41]:

pAGG ¼ 3γ=d ð3Þ

Where γ is the grain boundary energy and d the grain size of the

consumed matrix (here taken to be 0.75 μm). The average grain

boundary energy is set to 1 J/m2 by overestimating the value of

0.8 J/m2 obtained by density functional theory (DFT) calculation by

Park et al. [17] in the case of a symmetric Σ5 boundary in unfa-

vorable Cd-rich environment. This provides an estimated driving

force for abnormal grain growth of about 4 MPa.

As shown by the calculations above, the driving force stored in

form of grain boundary energy is five times higher than the one

corresponding to the dislocation-stored energy. It is, however, very

likely that both stored energies contribute to the growth process

since both pressures are in the same order of magnitude. Indeed,

the nucleation event cannot be uniquely pinpointed; it may be a

subgrain growth process of {112}||GD oriented grains, as suggested

by the presence of the small grains close to the back contact

interface.

In any case, the microstructure development should be

addressed as a mixed primary recrystallization-abnormal grain

growth process which is, however, dominated by the latter one.

The above discussion may be summarized as follows:

1. During deposition small {111}||GD and {112}||GD oriented grains

nucleate on the substrate with a number ratio varying between

5/1 and 10/1. These grains grow as thin columns (0.5 mm dia-

meter with length equal to the film thickness) during the

thickening of the film.

2. Due to the high substrate temperature, a concomitant recrys-

tallization process is triggered at the back contact interface due

to the high driving forces stored in grain boundaries and in

crystallographic defects.

3. The growth of the grains into the fine-grained as-deposited

matrix is highly orientation-dependent resulting in a change of

texture fraction of the {111}||GD to {112}||GD components from

400/10¼40 to 175/30¼5.8 (displayed in Fig. 11). In addition to

the texture change, the grains grow to a diameter about 5 times

larger than the original grain size at the free surface.

4. Recrystallization proceeds rapidly in deposition direction,

leading to an as-deposited layer where the first two microns

close to the back contact are already recrystallized and where

some of the {112}||GD-oriented grains already extend through

the whole film thickness.

4.2. Microstructure and texture evolution during annealing and role
of chlorine

Once deposition was completed, the material was annealed

two further times at two different temperatures, both higher than

the initial deposition temperature, in the presence of CdCl2. In the

following section we will discuss the microstructural and textural

evolution during these annealing processes but also the role of

chlorine. For this, one sample was annealed without chlorine and

its microstructural changes are compared to that of the other

samples.

The cell annealed without chlorine represents an intermediate

state between the as-deposited cell and the complete one. After

only a simple annealing, recrystallization is still incomplete and

some vestiges of the fine-grained matrix are still observed at the

5 The fit value is the angular deviation between the measured Kikuchi band

positions and the recalculated one after orientation determination.
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free surface. Nevertheless, grain boundaries are no longer serrated

suggesting that normal growth has taken place.

Moreover, it is apparent from the 3-dimensional data that

grains present at the back contact continue to grow in a columnar

manner while intense twinning takes place in their interior.

Therefore, the decrease in in-plane grain size observed along the

growth direction is only due to twinning and not to the formation

of new crystallites. The twin-corrected grain size is thus constant

through the whole film thickness (Fig. 5) and a clear honeycomb

structure appears in the 3-dimensionnal reconstruction of the

random high angle grain boundary network (Fig. 3).

A notable difference between the microstructures observed at

the back contact interface before and after annealing lies in the

grain boundary character distribution. Indeed, the relative amount

of twin boundaries present there is decreasing from 45% in the as-

deposited material to 40% in the simply-annealed material. It is

also worth mentioning that this trend is perpetuated, in an even

more drastic way, in the complete cell where only 26% of the

boundaries present at the back contact interface are twins.

Therefore, it can be expected that twin boundaries are annealed-

out during normal grain growth following the initial recrystalli-

zation step. Indeed, this process is much slower and leads, prob-

ably by movement of incoherent segments or by thermal motion

of dissociated dislocations, to the disappearance of the in-grain

twins (Fig. 13b,d,f) as suggested by Wang et al. in the case of FCC

metals [44].

It is likely that chlorine may play a role therein by affecting the

grain boundary mobility, as suggested by Consonni and Feuillet

[45]. Nonetheless, more data are required to clearly discriminate

the role of chlorine in this mechanism.

Finally, it should be stressed from the previous discussion that

chlorine does not trigger recrystallization since the same phe-

nomenon is observed in the simply-annealed layer which has not

been exposed to chlorine. Upon further annealing treatments, as-

undergone by the complete cell during copper doping and further

layer depositions, it is very likely that the recrystallization of the

simply annealed layer would be completed. This would finally

most likely lead to the same microstructure as observed in the

complete cell annealed with chlorine, since the recrystallizing

front has the same texture, grain size and grain boundary char-

acter distribution as the grains observed at the p–n junction of the

complete cell.

4.3. Understanding the complete cell microstructure: further
annealing and growth model

The complete cell, i.e. after two annealing in presence of

chlorine, microstructure can be apprehended as the result of the

continuation of the previously-described mechanisms.

As aforementioned, grain boundaries at the back contact

become smooth as a result of normal grain growth following

recrystallization. In addition, the annealing-out of twin boundaries

appears more clearly than in the simply-annealed material since

only a quarter of the total grain boundaries are Σ3 interfaces.

Finally, the as-deposited fine-grained matrix is now completely

consumed, leaving behind TRDs extending across the whole layer

thickness, as depicted in the 3D reconstruction in Fig. 3(a) and (c),

with an in-plane grain size of around 4 μm.

In order to understand the texture evolution during the final

annealing steps, two facts have to be pointed out: first, the starting

microstructure before annealing, as displayed schematically in

Fig. 15 (c), consists of large columnar grains, traversing the whole

film thickness and mainly belonging to the {112} fiber. These

grains show a number of annealing twins created during the

growth parallel to deposition as indicated in Fig. 15(a) and (b).

They are embedded in a matrix of small, columnar, as-deposited

grains belonging to the {111} fiber. The second thing to point out is

that the first annealing step occurs at a significantly higher tem-

perature as the deposition. All growth processes are therefore

enhanced.

During the annealing two processes proceed: the first process

concerns the already fully developed columnar {112}||GD grains.

They undergo some minor grain growth, leading to more straight

enveloping large angle grain boundaries. More importantly, part of

the twins inside of these columnar grains disappears, probably by

the movement of incoherent grain boundary segments. As a result

the texture of these grains becomes sharper, see Fig. 4(c). The

second process concerns the only slightly grown grains belonging

to the {111} fiber. These grains now grow with a larger growth rate

in deposition direction. It is well known that high growth rates

implicate a high amount of twinning caused by growth accidents.

These grains therefore develop a high amount of twins at the p–n

junction as is seen Fig. 4(a) and displayed schematically in Fig. 15

(e). The sharpness of the {111} fiber close to the p–n junction

therefore decreases due to the twinning chains, as is visible in

Fig. 4(c).

Fig. 15. Cross-section schematic displaying grain size and texture evolution during the deposition (top row) and during the annealing post-treatments (bottom row). Grains

are color-coded according to their orientation relative to the deposition direction.
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The above discussion may be summarized as follows (see also

Fig. 15):

1. During annealing, the recrystallization triggered during

deposition continues. Due to the growth advantage of the {112}||

GD-oriented grains, most of them have already developed

through the whole layer after the first annealing, which is not

the case for their {111}||GD-oriented counterparts. Moreover, the

annealing-out of twins is observed at the back contact, resulting

in an interface where the total length of twin boundaries is

halved after the complete CdCl2 annealing. This can be either

due to the presence of chlorine or occurring during the second

annealing.

2. Since temperature is significantly higher during annealing than

during deposition (435 °C/350 °C) the growth rate and, thus, the

twinning rate is enhanced for those grains which are not yet

completely grown, i.e. mainly grains from the former {111} fiber

component. This explains the fact that {112}||GD-oriented grains

are less prone to twinning than {111}||GD-oriented ones. It also

explains the higher occurrence of twin boundaries at the p–n

junction in the complete cell, whose total length is approxi-

mately doubled in comparison with the microstructure present

at the back contact interface.

3. Recrystallization ends when the originally defected layer is

completely consumed, leaving a weak {112} texture together

with components associated with orientations in twinning

relationship with {112}-fiber grains and {111}-fiber grains. The

apparent reduction of grain size is, therefore, only due to the

high amount of twin boundaries and not due to the formation of

new grains during annealing.

5. Conclusion

Understanding the growth of CdTe thin film solar cells in sub-

strate configuration was made possible by the use of FIB/EBSD

tomography. It appears that recrystallization is already triggered

before the end of the deposition step and still continues during a

typical CdCl2 annealing post-treatment. Our results suggest that:

1. CdCl2 is de facto not responsible for recrystallization but is

nevertheless likely to affect its kinetic due to its segregation at

grain boundaries. This is in strong contrast with what has been

proposed in the literature for cells grown in superstrate con-

figuration, which is, as of the writing of this paper, the only

source of detailed microstructural data.

2. In addition, driving force calculations emphasize the crucial role

of grain boundary energy which contributes predominantly to

the observed microstructural changes with respect to the lower

stored-deformation energy.

3. The grain boundary network existing in the finally annealed

material consists of columnar grains with random high angle

boundaries. These grains are intersected by twin boundaries

whose density increases closer to the p–n junction interface and

thus form twin-related domains.

4. It is apparent that the final grain size, texture and grain

boundary network strongly depend on the interplay of

deposition and annealing parameters. During deposition the

seed layer, from which columnar growth proceeds, is created

while during annealing the columnar structure and its twin-

content is finalized. By controlling the rate of growth during

both processes, i.e. by adjustment of deposition temperature,

deposition rate and amount of chlorine it should be possible to

control the final microstructure, thus opening possibilities for

grain boundary engineering approaches.

Due to the particular microstructure formation mechanisms

aforementioned, process optimization guidelines may be pro-

posed. Firstly, the CdS is deposited on a semi-recrystallized

microstructure with variable roughness and epitaxial relation-

ships depending on whether the underlying grains are already

recrystallized or not. The strong microstructural evolution of

the CdTe layer during the successive heat treatments is then

likely to affect the metallurgical junction and may introduce sig-

nificant stresses at this interface. In addition, diffusion of chlorine,

copper and other electronically important trace elements is also

likely to be affected by the particular grain boundary network

observed in the as-deposited cell. Finally, the large grain size

measured at the back contact, coupled with limited bulk diffusion

of these elements and the absence of further recrystallization,

may enforce a relatively low average doping concentration at

this interface. The here presented understanding of the micro-

structure evolution in general and grain boundary network in

particular, thus offers the potential for tailoring the grain bound-

ary network through grain boundary or microstructure engineer-

ing, respectively.
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