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Abstract Cadmium telluride films deposited on amorphous
substrates exhibit a grain structure characterized by [111]-
oriented grains, but where the in-plane grain orientation is
randomized due to the absence of epitaxy. Here, we ex-
plore the viability of promoting an in-plane grain alignment
through graphoepitaxy. Fifteen different substrate surface
textures were fabricated using focused ion beam lithogra-
phy. This approach allows for the side-by-side deposition
of surface textures where both the areal extent and depth of
the surface features are varied in a systematic manner. CdTe
films deposited overtop these textures show grain structures
with dramatic variations, revealing that particular length
scales have the most pronounced effect on the grain struc-
ture.

1 Introduction

CdTe has emerged as the dominant low-cost thin-film so-
lar cell absorber material with commercial production ex-
ceeding 1 gigawatt per annum [1] at costs of less than
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$1/watt [2]. While great strides have been made in advanc-
ing CdTe thin-film solar cell technologies it is somewhat
telling that the maximum laboratory efficiencies have stalled
near 16.5%, showing little in the way of improvement over
the past 15 years [3]. This situation suggests that incremen-
tal improvements are becoming increasingly difficult to at-
tain. Thus, the present situation is one where there exists a
rapidly improving commercial technology that will soon be
subjected to the same constraints imposed on the most ad-
vanced CdTe photovoltaic designs. Such a situation is highly
undesirable and warrants fundamental studies which explore
innovative approaches with the potential to challenge exist-
ing best practices.

The quality of the CdTe thin films used in photovoltaic
applications is, by any objective measure, poor. Its success
as a photovoltaic material stems not from its crystalline per-
fection, but from the solar cell’s insensitivity to the lack of it.
The CdTe films have deficiencies on every significant length
scale. Low temperature processing gives rise to cracks while
high temperatures yield voids and pinholes [4]. In fact, CdTe
films used in commercial solar cells are typically five times
thicker than their light absorbing properties demand in an
effort to minimize this issue [5]. The grain structure itself
provides recombination paths, which are deleterious to the
cell’s performance. The granularity also gives rise to lat-
eral inhomogeneities, which lead to solar cells with spatially
varying electrical properties [6]. The microstructure is rid-
dled with stacking faults [7, 8]. Apart from the crystallo-
graphic properties, the CdTe films are also difficult to dope,
form poor interfaces at both the junction and contact, are
difficult to make ohmic contact to [9], and allow for detri-
mental impurity migration along the grain boundaries [10].
Yet, despite this litany of deficiencies, CdTe films have given
rise to the most commercially successful thin-film solar cell
technology ever created. Nevertheless, there exists signifi-
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cant evidence that film granularity limits photovoltaic effi-
ciencies [4, 11–13]. Thus, the current situation suggests that
much of the potential of this technology remains untapped.

CdTe films for solar cell applications are typically de-
posited on glass substrates coated with a transparent con-
ducting oxide, which acts as a contact layer. The cell it-
self consists of a thin-film heterojunction formed between a
highly absorbing p-type CdTe layer and a thin transparent n-
type CdS film. For the most part, glass is used due to its cost-
effectiveness, but its amorphous nature severely impacts film
quality due to the absence of an epitaxial relationship. As a
result the CdTe films are highly granular, where the exact
nature of the granularity depends upon the substrate tem-
perature and processing conditions used [4]. For tempera-
tures below 460◦C films have a high propensity for forming
grains in the [111] orientation. At higher temperatures a dis-
tribution of [111], [220] and [311] grains is observed. For
temperatures greater than 520◦C, which are typically used
in manufacturing processes, random grain orientations are
observed. Regardless of the growth temperature used, sig-
nificant conversion efficiencies are obtained only if the cell
is subjected to an empirically discovered process which “ac-
tivates” the solar cell through the use of a high temperature
CdCl2 treatment [14, 15].

Previously, we reported on the deposition of CdTe films
at 300◦C using a wide variety of substrate materials [16].
Substrates were chosen such that the degree of epitaxy was
varied from nonexistent to excellent. In all instances the
film grains grew with their [111]-direction perpendicular to
the surface of the substrate due to the preferential growth
mode exhibited by CdTe films at this deposition tempera-
ture. The in-plane alignment of the grains, however, varied
dramatically and was strongly influenced by the degree of
epitaxy. C-plane sapphire, which offered the smallest lattice-
mismatch to [111]-oriented CdTe, gave rise to a near-perfect
grain alignment, while the amorphous surface of glass re-
sulted in in-plane randomness due to the absence of an epi-
taxial relationship. Other substrates, which offered less fa-
vorable epitaxial relationships, gave rise to varying degrees
of in-plane alignment, but where the extent of the alignment
correlated well with the degree of epitaxy present. From
this study it was apparent that a preferential growth mode
imposes an out-of plane grain alignment while epitaxy im-
poses an in-plane alignment. It is noted, however, that ex-
ceptions do occur for CdTe where the heteroepitaxial rela-
tionship controls both the in-plane and out-of-plane grain
alignment [17–20]. Important is the fact that this study also
clearly demonstrated deterioration in both the surface mor-
phology of the film and its crystallinity (assessed through
x-ray rocking curve analysis) as the degree of in-plane grain
alignment is reduced.

From the standpoint of producing CdTe films for solar
cell applications, the need for epitaxy is somewhat at odds

with the fact that substrate and contact layer materials are
often chosen on the basis of cost and functionality. Increas-
ing the grain alignment in the absence of epitaxy is a funda-
mental challenge facing not only the solar cell industry but
numerous other thin-film technologies. Approaches such as
ion beam assisted deposition (IBAD) [21] and oblique angle
depositions [22] have positively influenced the grain align-
ment in other material systems by altering the kinetics of the
growth process. An alternate approach is to create an artifi-
cial spatially periodic surface relief on the substrate which
provides nucleation sites able to promote the growth of a
particular grain orientation. In the ideal scenario, these iden-
tically oriented grains would grow, merge and unite to form
a continuous highly oriented film. Such an approach, com-
monly referred to as graphoepitaxy [23] or artificial epitaxy
[24], has shown much promise with demonstrated successes
in semiconductors [25–28], block copolymers [29–31], fer-
roelectrics [32], metals [33], and biocrystalline films [34].
Here, we present a study where we examine the viability of
using the graphoepitaxial approach to alter the grain struc-
ture of CdTe thin films.

2 Experimental

2.1 Substrate preparation

Oxidized silicon surfaces were chosen as the substrate for
these studies since its flat amorphous surface gives rise
to [111]-oriented film grains whose in-plane orientation is
completely randomized. While this film-substrate combina-
tion is not directly applicable to solar cell applications it
does provide an excellent proof-of-principle system for es-
tablishing whether graphoepitaxy can significantly alter the
grain structure of CdTe films since its flat amorphous sur-
face is unable to promote either real or artificial epitaxy.
Thus, changes to the film’s grain structure in the presence
of substrate surface texturing can be directly attributed to
the influence of artificial epitaxy. It is noted that the use of
the graphoepitaxial approach to build upon the partial epi-
taxy provided by a textured substrate material or a solar cell
contact layer could, in fact, give rise to superior CdTe films,
but this extra degree of complexity is not warranted for this
early stage investigation.

Substrate surface texturing was performed using focused
ion beam (FIB) lithography. The technique allows for the
micromachining of surfaces with nanometer scale resolu-
tion using a focused gallium beam capable of sputtering
away selected volumes from the surface. The use of FIB
lithography to produce textured surfaces for the purpose
of artificial epitaxy is a somewhat novel approach, having
only been previously used to alter nanostructure formation
[35–38]. From the standpoint of rapidly prototyping numer-
ous surface textures on the same substrate it is superior to
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all other commonly used lithographic techniques as it is
able to produce textures which modify both the depth and
size of side-by-side surface features. This capability allows
for the simultaneous film deposition over many surface tex-
tures fabricated on a relatively small area, removing possible
systematic errors associated with multiple film growths or
the uniformity issues which often occur for film depositions
over substantial areas. It should be understood, however, that
while FIB lithography provides an excellent means for pro-
ducing small textured areas for proof-of-principle studies, it
is impractical for large area surface modifications since it
is a time-consuming and expensive procedure. The knowl-
edge gained from such studies, however, will provide direc-
tion to efforts aimed at developing low-cost nanoindentation
processes [39].

With an amorphous substrate giving rise to [111]-oriented
CdTe grains having random in-plane alignment, the intent
of any surface texture must be the promotion of in-plane
grain alignment. The complete alignment of these grains
would give rise to a grain structure, which, when rotated in-
plane, would exhibit a threefold symmetry (i.e. the same in-
plane symmetry exhibited by a CdTe single crystal). Thus,
our initial attempts at developing a surface suitable for the
graphoepitaxial deposition of CdTe explored substrate tex-
tures comprised of equilateral triangles. If the ledges of these
threefold symmetric surface structures were able to nucle-
ate identically oriented grains then the possibility exists for
these grains to merge without the need for a grain bound-
ary. Fifteen different surface textures, each comprised of ar-
rays of equilateral triangles and covering an area of approx-
imately 10 × 10 µm2 were fabricated using FIB lithography.
Putting many patterns on a single substrate in close proxim-
ity ensured that the film growth conditions would be identi-
cal for all the textured surfaces. In addition, adjacent areas,
which were not altered by the lithography process, provide a
flat amorphous surface supporting CdTe film growth which
is unaffected by surface texturing. These untextured areas,
thus, provide a standard against which films deposited on
the textured areas can be judged.

FIB lithography was carried out using a Zeiss 1540XB
Focused Ion Beam/Scanning Electron Microscope. The gal-
lium ion beam, controlled with a Nabity NPGS lithography
system, had an energy of 30 keV and an ion current of 85 pA.
The beam was rastered over each triangular area to within
20 nm of the nominal edge position. Three passes, follow-
ing serpentine paths, were performed on each triangle, one
pass parallel to each face. A final pass along a path 15 nm
inside the nominal edge was performed with a line dose of
1.45 nC/cm2. All milling was performed in a step and dwell
fashion with a 5 nm spacing between points. The surface
texture for each of the 15 patterns as well as the unaltered
substrate was then characterized using a Digital Instruments
Nanoscope III atomic force microscope (AFM) operating in
a tapping mode.

2.2 CdTe film deposition

CdTe films were deposited on the textured amorphous sur-
faces at a deposition temperature of 300◦C using the pulsed
laser deposition (PLD) technique. The laser used in the
process was a GSI-Lumonics Ipex-848 excimer laser oper-
ating at 248 nm. The 250 mJ pulses exiting the laser were
passed through a mask to obtain the uniform central por-
tion of the beam. The beam was then focused onto a ro-
tating CdTe target to an energy density of 2 J/cm2 (laser
spot size = 1.5 × 3 mm2). The one inch diameter target was
grown using the modified Bridgman method [40]. Deposi-
tion rates of approximately 1 µm/hour were achieved by
operating the laser at a repetition rate of 8 Hz with a sub-
strate to target distance of 3.5 cm. Films were grown to a
thickness of 200 nm as determined using a spectroscopic
variable angle ellipsometer (Horiba Jobin Yvon, France).
All films were deposited in vacuum with a base pressure of
6 × 10−7 Torr.

3 Sample characterization

3.1 Substrate characterization

Figure 1 shows AFM images of the untextured substrate sur-
face (Fig. 1a) as well as the five different texture patterns
(Fig. 1b–f) milled into it using FIB lithography. Four of the
textures are comprised of an array of equilateral triangles
where the values for the triangle side dimension are (b) 300,
(c) 400, (d) 500 and (e) 600 nm. The pattern shown in Fig. 1f
consists of two superimposed triangular arrays where one
triangle has a 500 nm edge dimension and the other has a
value of 250 nm. This pattern was generated so as to increase
the density of triangular features on the surface. Each pattern
was reproduced three times to different milling depths (8, 10
and 12 nm). All of the patterns produced exhibit reasonably
sharp edges and corners, but the sputtered areas display, to
varying degrees, nanometer scale protrusions.

3.2 Film Characterization

Figure 2 shows AFM images of the CdTe grain structure for
films deposited on the substrate surfaces shown in Fig. 1,
where the depth of the textured features is 10 nm. Films de-
posited on textures comprised of triangular arrays with side
dimensions of 300 and 400 nm (Fig. 2a–b) show a grain
structure which is similar to that obtained for the untextured
substrates. For triangular textures having larger side dimen-
sions (Fig. 2d–f) there exists an obvious alteration to the
CdTe grain structure where for each of these textures there
exists a pattern in the film grain structure that is commen-
surate with the underlying texture. This pattern is especially
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Fig. 1 AFM images of the
substrate surface textures
fabricated using FIB
lithography. The images show
the a untextured surface and
surfaces made up of equilateral
triangles with side dimensions
of b 300 nm, c 400 nm,
d 500 nm, e 600 nm and
f a 250/500 nm mixture. The
scale bar is 500 nm

Fig. 2 AFM images of the
CdTe film deposited on the
textured substrate surfaces
shown in Fig. 1. All images are
for substrates where the surface
texture was milled to a depth of
10 nm. Note that the textures in
Fig. 1b–c give rise to a grain
structure similar to that derived
from the untextured substrate,
while the textures in Fig. 1d–f
give rise to a significantly
altered grain structure. The scale
bar is 500 nm

acute for the surface texture comprised of equilateral trian-
gles with a 500 nm side dimension. For this surface texture
the film exhibits a grain structure comprised of an array of
saucer-like features where there exists one saucer for each
triangle milled into the substrate. A similar grain structure
is observed when the triangle side dimension is increased to
600 nm, but the pattern is far less discernable. Of consid-
erable interest is a comparison of the film grain structures
shown in Fig. 3d, since these substrate surface textures are
identical except for the presence of the smaller triangular
features. When present, these features result in the complete

elimination of the saucer-like formations, but a grain struc-
ture commensurate with the 500 nm triangular array is still
clearly visible.

The observed CdTe film grain structure was also strongly
influenced by the depth to which the texture was milled into
the substrate. Figure 3 shows the CdTe grain structure for
films deposited on the 500 nm triangular arrays to depths of
8, 10 and 12 nm. For the smallest depth, the substrate surface
texture has little influence on the resulting grain structure
of the film. Both the 10 and 12 nm surface textures show
the obvious influence of the underlying texture but where,
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Fig. 3 AFM images showing the influence of substrate surface texture
depth on the grain structure of the CdTe film deposited over it. a shows
the textured surface of the substrate while the remaining images show
the CdTe grain structure for films deposited on the substrate surface
texture with depths of b 8 nm, c 10 nm and d 12 nm. Note that only
the 10 and 12 nm depths give rise to significant alterations to the grain
structure of the CdTe film. The scale bar is 500 nm

for the 12 nm case, microcracks appear to form between the
ridges of the saucer-like features.

4 Discussion

The results of this study clearly demonstrate that the surface
texturing of amorphous substrates can give rise to dramatic
alterations in the grain structure of CdTe films. It also re-
veals that optimum length scales exist where the influence
of the texture is most pronounced. For surface textures com-
prised of arrays of equilateral triangles, the greatest impact
on the film grain structure was for milled depths of 10 nm.
It should be recognized that such texturing is quite severe,
being approximately 40 times greater than the atomic-scale
steps formed on miscut (100) silicon which are well-known
to strongly influence the in-plane alignment of [111] CdTe
grains [41]. In terms of the spatial extent of the texturing,
the greatest influence on the grain structure was observed
for an array of equilateral triangles with a 500 nm side di-
mension. While the grain structure produced is commensu-
rate with the underlying substrate surface texture, it seems
unlikely that these grain formations arise from a nucleation
process which is driven by the edges of the triangle. Such a
process would likely lead to threefold symmetric grain for-
mations which are not observed. Instead, it is considered far

more likely that the grains nucleate and emerge from the tri-
angle’s corners. In such a scenario, textures based on trian-
gles with small side dimensions offer little advantage since
grains would nucleate on length scales similar to or smaller
than those observed for the untextured surface. Once the tri-
angle side dimension becomes significantly larger than the
grain size, grains will still nucleate at the corners, but the ef-
fect will be diminished due to random grain formation else-
where. Existing between these two extremes would be an
optimum triangle side dimension capable of forming a grain
structure such as that shown in Fig. 2d.

While these results clearly show that substrate surface
texturing impacts the resulting CdTe grain structure, the
saucer-like grain formations observed in Fig. 2d are far from
ideal. The grain structure is superior to that formed on the
untextured surface in that within each saucer-like structure
the grains show a strong tendency to merge with each other.
Located at the bottom of each saucer-like formation, how-
ever, is a round grain approximately 100 nm in diameter. Un-
favorable to the films’ overall grain structure are the bound-
aries formed between grains derived from adjacent triangles
and which give rise to a network of raised ridges. While
such ridges are removed through the addition of the smaller
triangles shown in Fig. 1f, they are replaced with undesir-
able small grains, similar to those formed on the untextured
amorphous surface.

Overall, the findings of this first study, which examines
the viability of using the graphoepitaxial approach to im-
prove CeTe film quality, are quite encouraging. Much of the
potential stems from the strong tendency for CdTe to form
[111]-oriented films regardless of the substrate used. This
factor, by itself, results in the formation of highly textured
films even in the absence of epitaxy. Complementing this
natural tendency with an artificial epitaxy, capable of im-
proving the in-plane grain alignment, seems viable based on
the results presented here, but where further advancements
are needed. The fact that the substrate surface textures used
in this work were able to dramatically alter the grain struc-
ture, but not in the prescribed manner, suggests that alternate
textures are required. With the hypothesis that the corners of
the milled triangles are the dominant grain nucleation sites,
textures can be generated which take advantage of such fea-
tures. It should also be recognized that there are numerous
measures which have proven effective in altering the het-
eroepitaxial deposition of CdTe. Such measures, which in-
clude (i) the pre-deposition of a tellurium monolayer [41],
(ii) selective epitaxy [42–46], (iii) the use of nanostructured
materials [47], (iv) polarity control [48, 49], and (v) the
use of catalysts [50, 51], all have the potential to be used
in concert with the graphoepitaxial approach to further en-
hance film quality. Increasing the film deposition tempera-
ture could also prove beneficial since larger grain sizes will
be promoted.
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5 Conclusion

CdTe films were deposited on amorphous surfaces which
had been textured using FIB lithography. The work clearly
demonstrates that the grain structure of the film can be ma-
nipulated using methodologies based on artificial epitaxy
where both the depth and the areal extent of surface texture
features are critical factors in determining the resulting grain
structure. Such studies lay the groundwork for the integra-
tion of the graphoepitaxial approach into low-cost deposi-
tion processes where poor substrate surface quality leads to
diminished film properties.
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