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Continuous biaxially textured CdTe films were grown on biaxial CaF2 buffer
layers. The CaF2 nanorods were grown by oblique angle vapor deposition and
possessed a {111}h121i biaxial texture. The CdTe film was deposited by metal
organic chemical vapor deposition (MOCVD). Film morphology and the CdTe/
CaF2 interface were studied by scanning electron microscopy and transmis-
sion electron microscopy. Characterization showed that small CdTe grains
formed initially from the CaF2 surfaces. These small grains then merged into
large columnar grains during growth. Analysis revealed that the crystalline
orientation of the CdTe film followed the biaxial texture of the CaF2 nanorods.
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INTRODUCTION

Photovoltaic solar cells have received significant
interest recently due to the increasing global need
for renewable energy. Thin-film solar cells made
from CdTe materials are of particular interest, since
CdTe has the ideal band gap for solar energy con-
version (1.56 eV at 300 K) and can absorb the
majority of sunlight within a few microns.

High-efficiency solar cell devices are normally
fabricated from single crystalline films grown on
single crystal substrates. These substrates are
expensive for large scale commercial application. In
order for cost to be reduced, there is a push to use
non-crystalline substrates such as glass. However,
films grown on glass usually have randomly
oriented polycrystalline grains or are amorphous.
Solar cells made from these films have a much lower
efficiency than those made from their single crystal

counterparts. Silicon single crystal solar cells can
reach an average of 22.7% efficiency, while thin-film
polycrystalline cells perform at an average of 8.2%
efficiency. Polycrystalline cadmium telluride thin-
film solar cells fall in this range, at 10.7%
efficiency.1

Recently it has been suggested that the efficiency
may be improved by the use of a biaxially oriented
buffer layer grown on amorphous substrates. Biax-
ial films are not single crystals, but they possess
both the out-of-plane and in-plane preferred orien-
tations. Biaxial buffer layers have been successfully
used to grow high TC superconductor films to
achieve high critical current densities.2 It was sug-
gested that high-quality semiconductor solar
devices with biaxial crystal orientation may be
fabricated if biaxial buffer layers were used.3,4 In
this work we utilize biaxial calcium fluoride nano-
rods as a buffer layer grown on an amorphous sub-
strate to grow biaxial CdTe films for use in solar
cells. Calcium fluoride continuous thin films have
been extensively used as a buffer layer on single
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crystal Si substrates for the growth of semiconduc-
tor films such as CdTe and GaAs.5 This is due to the
excellent chemical compatibility of the CaF2 surface
with the semiconductor films. Additionally, the
plastic deformation that is possible with the CaF2

film may allow additional accommodation of any
lattice mismatch between the semiconductor and
the substrate.6 Biaxially textured CaF2 nanorod
buffer layers have not previously been used on
amorphous substrates to grow CdTe films.

This work showed that a continuous CdTe film
grown on top of either the nanorods or the normally
incident CaF2 capping layer has a biaxial texture, as
in the CaF2 film. The morphology and structure of
the CdTe film, as well as the interface with the CaF2

buffered layer, were characterized by scanning
electron microscopy (SEM), transmission electron
microscopy (TEM) and x-ray pole figure analysis.
TEM images are shown for a sample without a
capping layer for clarity of the interface between the
CdTe and the CaF2. It is believed that the growth
mechanisms are similar for samples with and
without a capping layer.

EXPERIMENT DETAILS

Two types of CaF2 buffer layer films were pre-
pared by physical vapor thermal evaporation for
later CdTe growth by metal organic chemical
vapor deposition (MOCVD). Biaxially textured CaF2

nanorods were first grown on an amorphous native
oxide-coated Si(100) substrate under a 55� oblique
angle thermal vapor flux (�55� with respect to the
substrate normal), after which a CaF2 capping layer
was grown under normal incident flux on the
nanorods to yield a continuous surface. The depo-
sition rates for the growth of CaF2 nanorods and the
capping layer were �0.3 nm/s and �0.1 nm/s,
respectively. The deposition details of these films
can be found elsewhere.7 The resulting CaF2 nano-
rods were approximately 100 nm in diameter and
approximately 700 nm tall, as shown in Fig. 1a. The
nanorods without and with a normal incident

capping layer (�200 nm thick) are shown in Fig. 1a
and b, respectively.

A CdTe film of approximately 2.2 lm was grown
on the CaF2 nanorods with a vertical low-pressure
(50 Torr) MOCVD reactor. The growth conditions
are summarized in Table I. Dimethylcadmium at
2�C was used as the Cd source, and diethyltelluride
at 16�C was used as the Te source. Both used
hydrogen as a carrier gas. After the sample of CaF2

nanorods had been loaded into the reactor, the
pressure in the chamber was reduced to �1 Torr
and then slowly brought up to the growth pressure
of 50 Torr. Following this, the temperature was
raised to 425�C under a hydrogen flow rate of
2.5 standard liters per minute (slm). The tempera-
ture of the susceptor was allowed to stabilize at
425�C for 30 min before CdTe film growth. First, a
nucleation layer of CdTe was grown on the CaF2

nanorods for 10 min at 425�C. Some samples were
annealed at a higher temperature (600�C) for
30 min with a Te over-pressure. This paper reports
on only non-annealed samples. The results of
annealing will be reported elsewhere in future
work. Finally, all the samples underwent a thick
CdTe layer deposition for 110 min at 425�C.

RESULTS

The CdTe films were characterized by SEM, x-ray
diffraction (XRD) pole figure analysis and TEM.
Figure 1c shows an SEM image of the CdTe film
deposited on CaF2 nanorods with a CaF2 capping
layer. The XRD pole figure and TEM analyses
indicated continuous CdTe films with the same
biaxial texture as that of the CaF2 layer.

CaF2 nanorods deposited at both �55� and �65�
incident angles were studied, and both exhibited
the same {111}h121i biaxial texture. The higher the
angle (with respect to the substrate normal), the
more widely spaced the nanorods would become.
Furthermore, these nanorods would become thicker.
This meant that the gaps between the �55� flux-
grown nanorods were substantially smaller than
those between the nanorods deposited at �65�.

Fig. 1. The cross-sectional SEM images of (a) CaF2 nanorods. (The direction of CaF2 flux during nanorod growth is indicated by the large white
arrow, and the biaxial directions are shown by the small white arrows.) (b) CaF2 nanorods with a more continuous CaF2 cap on top, and (c) CdTe
film deposited on (b). A final continuous CdTe thin film can be seen to form from (c). This CdTe thin film exhibits biaxial texture as in the CaF2

buffer layer measured by diffraction techniques.
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Figure 1a–c shows the cross-sectional SEM images
of the sample after nanorod deposition, after the
deposition of the normally incident flux CaF2 cap-
ping layer, and after the MOCVD growth of the
CdTe film on the CaF2 capping layer, respectively.
The CdTe film consisted of submicron faceted grains
with visible steps, pin holes and cracks. Despite the
narrow gaps between the CaF2 nanorods, a signifi-
cant amount of CdTe material had still grown into
the gaps between the CaF2 nanorods on the samples
without a CaF2 capping layer during the MOCVD.
Cross-sectional SEM images (not shown here) sug-
gested that the CaF2 nanorods had been wrapped by
the CdTe crystals and that a continuous CdTe film
had formed above the CaF2 nanorods on the sam-
ples without a CaF2 capping layer. This is further
illustrated in Fig. 3.

The x-ray diffraction analysis of the CdTe grown
on CaF2 nanorods with a capping layer is shown in
Fig. 2. Figure 2a and b shows, respectively, the CaF2

{111} pole distribution and the CdTe {111} pole dis-
tribution. An XRD pole figure is a real space map of
the variations in diffraction intensity for a particu-
lar interplanar distance (d-spacing). This mapping
is accomplished by the incremental tilting and
rotating of the sample while the diffraction intensity
is recorded (of a particular d-spacing) at the various
tilts and rotations, which are subsequently used to
construct the pole figure.8 Since the CdTe film was
grown on top of the CaF2 capping layer and nano-
rods, the intensity of capped CaF2 {111} poles are
greatly attenuated, and only three (111) poles are
visible in Fig. 2a. The center pole shows tilting
away from the labeled incident flux. This off-center
(111) pole is consistent with the direction of the
tilted axis of CaF2 nanorods observed from the SEM
images. The CdTe {111} poles and the corresponding
twin poles are labeled in Fig. 2b. The (11�1) pole of
CdTe and its twin pole are symmetric with respect
to the (111) pole, indicating that the twin axis is
along the [111] direction. Both the CdTe {111} poles
and the twin poles showed strong intensities, indi-
cating a high density of twin faults in the CdTe film.
Twin faults were also observed by TEM. This well-
defined pole intensity concentration in the pole
figure thus indicates that the CdTe film is biaxially
oriented and the CdTe film follows the biaxial {111}
h121i texture of CaF2 nanorods. If the films
were polycrystalline with (111) orientation, each

diffraction peak would become a continuous ring.
This is further supported by TEM observation.
Additional characterization of the near surface
regime of annealed CdTe grown on CaF2 nanorods
without a capping layer was performed by reflection
high-energy electron diffraction and will be dis-
cussed elsewhere in a future publication. Similar
analysis has been conducted for Mg nanoblades and
Ru nanorods.9–11

In order to study the epitaxial relationship
between the CdTe film and the CaF2, we used

Table I. Cadmium Telluride Growth Conditions

Time (min) Temperature (�C) Pressure (Torr)

Precursor (Molar
Fraction) (1024)

Total H2 Flow (slm)DMCd DETe

Nucleation 10 425 50 3.7 9.8 2.58
Faster Growth 110 425 50 6.1 16.0 1.58

Fig. 2. X-ray pole figure analysis showing the texture of CaF2

nanorods and CdTe film. (a) A {111} pole figure of CaF2 nanorods
with a normally incident capping layer. (b) A {111} pole figure of CdTe
film, where the primary and twin poles are labeled. This analysis was
conducted following CdTe deposition.
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cross-sectional TEM analysis. The cross-sectional
TEM image shown in Fig. 3a is of the sample grown
directly on the CaF2 nanorod film. The Si substrate,
native silicon dioxide, CaF2 nanorods and CdTe are
labeled from the bottom to the top. Since the elec-
tron mean free path in CaF2 is much longer than
that in CdTe, the CaF2 appears brighter than the
CdTe. In the first micron of the CdTe film shown in
Fig. 3a, the grain size was a few hundred nanome-
ters. These small grains later merged into larger
columnar grains. In the larger columnar CdTe
grains a high density of lines was observed. These
lines were proximately perpendicular to the rod axis
of CaF2. The analysis of the TEM diffraction pattern
showed that these lines corresponded to twinning
interfaces or stacking faults, which occurred in the
(111) plane of CdTe.

Figure 3b and c show a high-resolution TEM
image of CdTe film around the tip of a CaF2 nanorod
and of the CdTe/CaF2 nanorod interfaces. Twin
faults and dislocations were observed at the inter-
faces between CdTe and CaF2, as shown in Fig. 3c,
and they are labeled with a ‘‘T’’. Twin faults often
occur in epitaxial films. The difference between the
lattice constants of the cubic crystal structures of
CdTe and CaF2 is approximately 18.7%. This large
lattice mismatch between the epitaxial film and the
substrate may have introduced dislocations in the
epitaxial layer.12 Dislocations were formed at
the interface between CdTe and CaF2 and propa-
gated to a finite distance into the CdTe film. This
may have been due to the separated CaF2 nanorod
tips; partial relaxation near the tip-layer interface
may have occurred before the small CdTe grains

Fig. 3. TEM analysis of CdTe and CaF2 interface. (a) Bright field TEM cross-sectional image, showing the CdTe grown on the CaF2 nanorods on
oxide-covered Si(100) substrate. The CaF2 nanorods, which are marked by triangles, appear brighter than the CdTe. (b) High-resolution TEM
image of CdTe film around a CaF2 nanorod tip. (c) A high-resolution TEM image of the CaF2 nanorod/CdTe epitaxial interface reveals twinning
defects. The thin black lines indicate the interfaces between the CaF2 and the CdTe. T indicates twin faults and dislocations.
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had coalesced. It has been reported that the stress
caused by lattice mismatch may be relieved, due to
the large distance between grains.12 It has also been
found that the stress caused by a large lattice mis-
match could be partially relieved if the substrate
dimensions were reduced to the nanoscale.13,14

Thus, in our case, the isolated nanoscale tips of the
CaF2 nanorods may have contributed to the relief of
stress caused by the lattice mismatch between CdTe
and CaF2.

Resistivity and carrier concentration were mea-
sured by the van der Pauw Hall method, with In as
the contact material. These measurements showed
that the resistivity was approximately 3.6 kX cm, as
would be expected for an undoped CdTe film. Hall
measurements indicated that the sample was
slightly p-type. The sample seemed to have a leak-
age pathway into the Si substrate that made it dif-
ficult for us to calculate the mobility and carrier
concentration accurately. Although the sample tes-
ted had a near-continuous CaF2 capping layer, this
leakage pathway could be attributed to some CdTe
observed on the sides of the CaF2 nanorods that may
have created a pathway to the substrate. Further
characterization will be conducted on an amorphous
glass substrate, thus eliminating the leakage
current pathway.

CONCLUSIONS

The promising results of this work may provide a
new technique for the growth of high-quality CdTe
films on amorphous substrates. Improvement of the
growth of the CaF2 buffer layer on amorphous sub-
strates may allow the growth of single crystalline
films on amorphous substrates. The CdTe films
grown had a {111}h121i biaxial texture that followed
the orientation and biaxial texture of the CaF2

nanorods. Small CdTe grains initially formed around
the CaF2 nanorod tips. The isolated nanoscale tips
allowed relief of the stress caused by large lattice
mismatch. It was the merging of these smaller grains
into larger columnar grains that accounted for
the observed planar defects. The successful growth
of biaxial CdTe films on biaxial CaF2 nanorods
is encouraging. Additional comparisons between

samples grown with and without capping layers are
necessary. Further growth and characterization
studies of corresponding electrical properties rele-
vant to terrestrial photovoltaic modules will be
carried out to improve the CdTe films, and photo-
voltaic devices will be fabricated.
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