





expected result as the hetero-epitaxial growth is more difficult than homo-epitaxial growth as

previously explained in Chapter Two.

Figure 57. XRD pattern for poly-crystalline Si layer on ITO glass substrate.

The TEM cross sectional image in Figure 58 shows the structure c-Si substrate/AIC seed
layer/ epitaxial growth of Si + poly Si. The TEM image suggests that the AIC seed layer had
large grains that could be a very large single crystal but with stacking faults that were observed
as well. It is an interesting result that even with the stacking faults, the orientation continued to
be the same as the orientation before the stacking faults. The seed layer thickness was about 250
nm while the epitaxial thickening of Si was about 200 nm.

In Figure 59, the TEM image gives a closer look at the AIC seed layer/epitaxial growth
of Si interface where different material was observed which could affect the epitaxial growth.
This material is Al that was left after Al etching according to EDX results. It could be the reason
for the Moiré fringes that appeared in the TEM image.
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Figure 58. TEM cross-sectional image for epitaxial growth of Si on AIC seed layer.

eed \ayer
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Figure 59. TEM image for epitaxial growth of Si on AIC seed layer.
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Moiré fringes in TEM images means that there are different crystal orientations on top of
each other. Moireé fringes are defined as “set of dark fringes produced when two ruled gratings or
uniform patterns are superimposed”’[49]. These fringes can be seen as parallel dark/light bands in

the TEM images.

The growth rate of epitaxial Si layer was only about 7 nm /min which is a very low
growth rate so defects could have occurred. This low growth rate was because the SiHs flow rate
was only 1 sccm. In summary, the epitaxial growth was obtained at 600 °C with highly diluted
SiH4 in hydrogen (200:1 sccm) and further optimization is required. The factor that needs to be
addressed by future work according to the TEM results is the poly-Si/epitaxial growth of Si

interface.
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Chapter 6: Conclusion and Future Work

Most of studies in the solar cells industry aim to either increase the efficiency of solar
cells or reduce the cost of solar cells. This work focused on reducing the cost of solar cells. A
drastic reduction in the cost might possibly attained when using glass as a substrate instead of
using Si. Epitaxial growth was first done directly on c-Si and Corning glass substrates. The
optimized results of this process were applied to the seed layers. Aluminum induced
crystallization was utilized to crystallize a-Si:H at low temperatures to prepare the seed layers on
glass substrates.

The effort of this project was aimed at preparing large grained poly-Si seed layers to be
used for a subsequent step of epitaxial growth of Si. Therefore, heavily doped p-type poly-Si
seed layers were grown successfully on ITO and c-Si substrates. Next, epitaxial growth of Si
using HWCVD was performed on the seed layers on the various substrates: ITO coated glass and
c-Si. Scanning electron microscopy confirmed that the epitaxial layer was successfully
accomplished due to the similar grain sizes before the epitaxial growth and after the epitaxial
growth. The TEM results showed very large grained AIC seed layer which was almost single
crystal as well as epitaxial growth of Si with 200 nm thick.

Future work arising from this conclusion could be geared toward optimizing the process
of fabricating a heavily doped p-type poly-Si seed layers for larger grains and a smoother surface
followed by deposition of an epitaxial layer of Si for the absorber layer. Lastly, continuing the
fabrication of this device to form a solar cell by depositing an n-type heavily doped Si layer and

then adding Al contacts could also be investigated.
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Appendix A: Description of Research for Popular Publication

Better ways for cost-effective solar cells
By: Manal Aldawsari

A step toward a cost effective solar cell was taken at the University of Arkansas in
Fayetteville in a project to obtain epitaxial growth on large grained poly-crystalline Si performed
in Dr. Hameed Naseem’s lab and led by Manal Aldawsari, a scientist and a graduate student in
the Microelectronics-Photonics program.

Crystalline Si (c-Si) solar cells of approximately 200-500 um thick dominate the solar
cell market. Currently, the Si material accounts for about 50% of the cost of solar cells, because
Si is the second most abundant element on earth’s crust, thus, c-Si solar cells are reasonably
affordable. Silicon can be found in clay, rocks, soils, and sand.

Despite its abundance, an increased demand for solar energy every year will inevitably
cause the price of Si to be driven up within the next 50 years. Thus, making solar cells by
directly depositing a high quality, thin c-Si layer of about 1 um thick would not only ease the
production of c-Si but also would provide more solar cells at the same price as producing only
one conventionally manufactured c-Si solar cell. However, a thin layer of c-Si only 1 um thick
cannot be handled by itself, so, mechanical support is required. This gave rise to the idea of using
an inexpensive substrate such as glass as a c-Si substrate replacement to decrease the cost of
material and installation.

Glass is amorphous material, which means that the atoms are arranged in random order
which makes depositing a layer of c-Si directly difficult. The question is: how can atoms arrange
themselves in a crystal order while the underlying substrate is not? Fortunately, Dr. Hameed
Naseem of the University of Arkansas has been successful in preparing inexpensive seed layers
by using the aluminum induced crystallization (AIC) method. So what if these seed layers were
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to be used as substrates for the epitaxial growth of silicon? The resulting solar cells would be
more cost effective in response to the ever-increasing demand.

The most pressing issue has been the need for an ultra-high vacuum in order to enable the
epitaxial growth. Any contamination on the surface would hinder the success in obtaining a high
quality epitaxial growth without breakdown into poly-crystalline Si phase or amorphous-Si
phase. Different approaches were taken in order to solve this dilemma such as hydrogenation
prior the epitaxial growth in the chamber. Hydrogen atoms play an important role as they etch
the defects and a-Si faster than the crystalline Si and passivate the surface.

Despite these challenges, Mrs. Manal Aldawsari managed to produce epitaxial growth on
very large grained poly-crystalline Si seed layer at low temperature of 600 °C using hot wire
chemical vapor deposition, as part of her graduate project for her master’s degree from the
University of Arkansas. Mrs. Manal Aldawsari says, “this will significantly improve the solar
cell industry as it will make the production of solar cells faster, lower cost and with higher

quality.”
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Appendix B: Executive Summary of Newly Created Intellectual Property
Growth of epitaxial layer of Si on heavily doped p-type low cost substrate at low

temperature.
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Appendix C: Potential Patent and Commercialization Aspects of Listed Intellectual Property
Items

There are no potential patent and commercialization aspects of listed intellectual property
items.

C.1 Patentability of Intellectual Property (Could Each Item be Patented)
There is no patentability of IP in this research.

C.2 Commercialization Prospects (Should Each Item Be Patented)
There is no commercialization prospects in this work.

C.3 Possible Prior Disclosure of IP

There is no possible prior disclosure of IP in this work.
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Appendix D: Broader Impact of Research
D.1 Applicability of Research Methods to Other Problems
The process of epitaxial growth of Si on large grained poly-Si seed layers has potential
for other technologies. Photovoltaic devices are one significant application to use this process in
order to decrease the price of the solar panels. Epitaxial growth of Si could also be used in
bipolar junction transistors (BJTS).

The heterojunction bipolar transistor (HBT) is an area of in the BJT technology which is
usually created using epitaxial growth techniques. In general, silicon based manufacturing
methods such as complementary metal-oxide—semiconductors (CMOS) can be developed using
epitaxy.

D.2 Impact of Research Results on U.S. and Global Society

Thin film solar cells have been considered as cost-effective solar cells due to the drastic
reduction of the active photovoltaic materials. The epitaxial growth technique can be used to

produce thin film solar cells at low temperatures which are equivalent to c-Si solar cells.

In this way, the United States and the rest of the world could benefit not only
economically but also environmentally. This would make it possible for the world to have a
sustainable energy source at an affordable price which would help fulfil the growing demand for

energy.

D.3 Impact of Research Results on the Environment

In this work, developing a technology that can be used for solar cells could improve the
solar industry. One of the environmental effects of using solar energy is reducing the dependence

on fossil fuels and hence the pollution will be reduced.
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In addition, the epitaxially grown thin film does not have any harmful effects on the
environment, but the processes to produce it gives way to some concerns if they are not handled
properly. Using the HWCVD technique to produce epitaxial growth of Si requires the
introduction of some gases in the chamber such as Hz and SiH4. However, those dangerous gases
are well known and have been used in the solar cell industry for decades.

Thus, disposing this waste has been well understood and controlled in this project.
Hydrofluoric acid was used as well to remove the native oxide from Si substrate and sulfuric acid
for organic contamination removal. Nevertheless, all standard safety system guidelines were

adhered to with all of the chemicals used in this research.
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Appendix G: All Publications Published, Submitted and Planned

There are no publications published or submitted for this work.
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