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ABSTRACT 

A novel template of single-crystalline-like germanium has 
been developed on low-cost, flexible metal substrates for 
growth of high efficiency photovoltaics. The template 
technology is enabled by the process of ion beam assisted 
deposition (IBAD) of MgO followed by epitaxial deposition 
of a series of oxide films. The IBAD process as well as all 
epitaxial deposition processes up to the Ge layer was 
conducted by reel-to-reel continuous processing. A high 
degree of biaxial texture is achieved in the Ge film when it 
is grown epitaxially on intermediate epitaxial fluorite films 
such as Ce02 which have a good basal-plane structural 
match with Ge. The in-plane texture is improved to 1.50 
full-width-at-half-maximum (FWHM) i.e. grain-to-grain 
misorientation of about 10 when the Ge film thickness is 
increased to 6 IJm. Etch-pit measurements show a defect 
density in the Ge film in order of 108 cm-2. Cross-sectional 
Transmission Electron Microscopy analysis show that the 
defects are primarily concentrated near the Ge - Ce02 
interface and that the defects could be propagating from 
layers underneath. The defect density is seen to be 
considerably reduced in the top part of thicker Ge films. 
Epitaxial GaAs has been successfully grown on the Ge 
film on metal substrate by molecular beam epitaxy. 

INTRODUCTION 

Incremental advances have been made in photovoltaics 
(PV) research over the last several decades but 
innovative, transformational breakthroughs are needed for 
PV to become a dominant source of energy. Thin film 
approaches have been touted as less expensive 
altematives because of the use of much fewer materials 
and roll-to-roll continuous processing, but none of them 
have reached the efficiency levels are needed for broader 
market penetration. The University of Houston has 
recently established a program to develop technology that 
combines the low-cost advantages of thin film PV with the 
high efficiencies only achieved with single crystalline 
photovoltaics. The innovation lies in the creation of an 
architecture that yields single-crystalline-like thin films 
even on polycrystalline or amorphous substrates. This 
technology has been very successfully demonstrated and 
being commercialized in the superconductor field and 
inserted in the U.S. electric power grid [1]. 
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The enabler that we have employed to achieve such an 
architecture is a biaxially-textured template made by Ion 
Beam-Assisted Deposition (IBAD) [2, 3]. In the IBAD 
process, materials with rock-salt structures such as MgO 
are deposited on amorphous layers on polycrystalline 
substrates, with simultaneous ion beam bombardment. 
Under appropriate conditions, within a first few 
nanometers of the film, a good degree of biaxial texture is 
achieved. Such biaxially-textured films have been 
successfully employed as templates for epitaxial growth of 
cube-textured superconducting films on polycrystalline 
substrates with critical current densities as high as those 
achieved on single crystal substrates [1]. In fact, kilometer 
lengths of IBAD-based templates are routinely produced 
with in-plane texture of about 60 FWHM [1]. In this study, 
we adopted the IBAD technique to synthesize highly 
textured, epitaxial germanium films that can then be used 
for high quality III-V photovoltaic films [4, 5]. 

EXPERIMENTAL 

All films in the multilayer architectures prepared in this 
study were grown in reel-to-reel thin film deposition 
systems. Figure 1 is a schematic of the architecture that 
was developed in this work. Hastelloy C-276 substrates, 
12 mm in width and 50 IJm in thickness were 
electropolished to a surface roughness better than 1 nm. 
An 80 nm thick AI203 film and a 7 nm thick Y 203 film were 
deposited at room temperature by reactive magnetron 
sputtering using metal targets on the polished Hastelloy 
substrates. IBAD films were made by ion beam sputtering 
of MgO at room temperature with simultaneous 
bombardment of the substrate with an Ar ion beam 
inclined at 45° to the substrate normal. Reflection High 
Energy Electron Diffraction (RHEED) was used in situ 
during IBAD to qualify the texture development in the 
growing MgO film. Homoepitaxial MgO, about 30 - 50 nm 
in thickness was grown on the IBAD films by reactive 
magnetron sputtering of Mg. X-ray Diffraction (XRD) 
measurements on the homo-epitaxial MgO film showed an 
in-plane texture of 6 to 7° FWHM. 

Next, Ge films were deposited epitaxially on the homo-epi 
MgO layer with an intermediate epitaxial layer of Ce02, to 
provide structural compatibility with Ge. All Ge films were 
deposited by magnetron sputtering at a tape moving 
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speed of 2 cm/min. Ce02 has a fluorite structure with 
atoms in the eight tetrahedral hole locations, projections of 
which on the basal plane are at Y4,Y4,0, Y4,%,0, %,Y4,0 and 
%,%,0 which match perfectly with the atomic locations of 
Ge. 

GaAs rFFFFFFFFFFFF97IGe Intermediate epi layer 

�iiiii;iii�B� iaXia"y-textured IBA
D + epiMgO 

� 
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Figure 1 Schematic of photovoltaic cell structure 
based on single crystalline-like films on 
poly crystalline substrate 

RESULTS AND DISCUSSION 

XRD theta-2theta pattern obtained from a Ge film 
deposited at 600°C on Ce02 on IBAD template is shown in 
Figure 2. The presence of an intense single orientation of 
Ce02 (200) is obvious in the figure. Also, a strong Ge 
(400) orientation is seen and no evidence of (111) or other 
peaks of Ge is present indicating the preferential out-of
plane texture of (400) in the Ge film. The in-plane texture 
of Ge was measured by XRD (111) polefigure 
measurements of Ge and the data is shown in Figure 3. A 
clear four-fold symmetry is shown in the figure without the 
presence of other orientations. This result clearly 
demonstrates strong biaxial texture achieved in Ge 
epitaxially grown on Ce02 on IBAD MgO template on 
metal substrate. The spread in the in-plane texture of Ge 
is calculated to be 6.6° FWHM which is comparable to that 
of the underlying IBAD MgO template. 
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Figure 2 Theta-2theta XRD pattern obtained from Ge 
film grown on IBAD MgO template on metal substrate. 

The optical properties of biaxially-textured Ge films were 
further verified by photoreflectance and ellipsometry 
measurements. The photoreflectance analysis revealed 
that the position of indirect (L minima) bandgaps positions 
of the Ge films at -0.67 eV which is nearly identical to that 
of bulk-like Ge, suggesting minimal lattice mismatch strain 
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in the film [3). Data obtained for the evolution of the 
refraction index and extinction coefficient measurement as 
a function of the incident photon energy showed that the 
refraction index and extinction coefficient values of the Ge 
film grown on IBAD template match well with that from a 
reference bulk Ge single crystal [3). This information 
further corroborates the single crystalline-like nature and 
the high optical quality of the Ge film grown on IBAD 
template on polycrystalline substrate. 

Figure 3 Ge (111) polefigure obtained from Ge film 
grown on IBAD MgO template on metal substrate. 

Epitaxial (100) GaAs has also been successfully grown by 
molecular beam epitaxy (MBE) on the Ge films. Figure 4 
displays a cross sectional TEM microstructure of the entire 
multilayer architecture and selected area diffraction 
patterns obtained from the Ge and GaAs layers, 
confirming excellent epitaxy. A strong photoluminescence 
signal and good optoelectronic properties have been 
obtained from the GaAs film [6). 

Figure 4 Cross sectional TEM image of the entire 
multilayer stack and electron diffraction patterns from 
cross section of GaAs (top) and Ge (bottom) 
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Examination of the microstructure of the Ge film shown in 
Figure 4 reveals presence of a substantial number of 
defects. These defects are expected to limit the 
photovoltaic performance of the III-V films and so, we 
embarked on measuring and developing techniques to 
reduce defect density. 

Etch pit experiments were conducted on the Ge film on 
epitaxial layers. Figure 5 and 6 show the microstructure of 
the top surface of epitaxial Ge films on IBAD templates 
before and after etching. The grain size of the Ge film is 
seen to be less than 200 nm. Etch pits are clearly obvious 
especially near the grain boundaries and their density is 
estimated to be about 5 x 108 cm-2. This is a relatively high 
value which may limit photovoltaic device performance 
due to recombination of charge carriers at the defect sites. 
Hence in addition to achieving a single-crystalline-like 
texture in the Ge template, it is realized that improved 
techniques need to be developed to reduce the defect 
density. 

Figure 5 Surface microstructure of an as-grown 
epitaxial Ge film on metal substrate 

Figure 6 Surface microstructure of an epitaxial Ge film 
on metal substrate after etch-pit experiment. 
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One approach that we investigated to reduce the defect 
density was to fabricate thicker eptiaxial Ge films on metal 
substrates. It was found that the in-plane texture became 
considerably sharply as Ge film thickness was improved 
as shown in Figure 7. As the figure shows, an in-plane 
texture as sharp as 10 FWHM was achieved in a 6 IJm film 
indicating an average grain-to-grain misorientation as 
small as 10 over the entire sample. 
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Figure 7 Improvement in in-plane texture of Ge film 
grown on IBAD MgO template on metal substrate with 
increasing film thickness_ 

Cross sectional TEM analysis was conducted on the 6 IJm 
thick Ge film on metal substrate to evaluate how the defect 
density changed with film thickness and the results are 
shown in Figures 8, 9 and 10. Figure 8 displays the lower 
part of the film where an abundance of threading 
dislocations can be observed near the Ce02 interface. A 
closer view of the various interfaces in the film in Figure 9 

Figure 8 Cross sectional TEM from Ge film grown on 
IBAD MgO template on metal substrate showing a 
high defect density near the Ge - Ce02 interface_ 

001050 



shows that several of the defects could have propagated 
even from MgO layer and through the LaMn03, Ce02 and 
into the Ge layer. On a positive note, it seen in Figure 10, 
that the defect density is reduced significantly in the top 
part of the film. 

Figure 9 Cross sectional TEM from Ge film grown on 
IBAD MgO template on metal substrate showing 
defects originating from MgO layer and propagating 
through all the epilayers. 
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Figure 10 Cross sectional TEM from 6 pm thick Ge film 
grown on IBAD MgO template on metal substrate 
showing reduction in defect density in the top part of 
the film. 

CONCLUSION 

Single crystalline-like Ge films have been demonstrated 
on flexible, polycrystalline, metal substrates using IBAD 
templates. A defect density in the order of 108 cm-2 was 
found by etch pit measurements. Cross sectional 
microscopy shows defect concentration near the Ge-buffer 
interface and decreasing defect density with thickness. 
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Once the defect density is reduced and/or defect tolerant 
structures are fabricated, we expect that the ability to grow 
single-crystalline-like Ge films on flexible, polycrystalline 
substrates by reel-to-reel tape processing will provide an 
immense potential to fabricate high quality III-V 
photovoltaics on long-Iengthllarge-area flexible, 
inexpensive substrates. 
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