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Abstract
	This study intends to investigate the nature of GaAs polycrystalline films with special attention being paid to the characteristics of the crystal grains. The GaAs crystals were grown using metal organic chemical vapor deposition (MOCVD) at temperatures of 400 and 500 ˚C. Samples were created directly on transmission electron microscope (TEM) grids in order to avoid the difficulties of polishing, grinding, and preparing a substrate. Electron beam diffraction and energy dispersive x-ray spectroscopy (EDX) were the main experimental tools used. The results suggest that producing a polycrystalline sample of GaAs directly onto a TEM grid is not ideal. The samples were comprised of many polygonal GaAs crystals with noticeable defects. Both the diffraction patterns and the EDX spectra showed that GaAs was successfully deposited. Judging by the diffraction patterns, the first three diffraction rings correspond to the {1 1 1}, {2 2 0}, and {3 1 1}Miller indices. The size of the grains ranged anywhere between 20 nm and 1.5 μm depending on the deposition time, growth temperature, and the sample being viewed.  

1. Introduction
	Photovoltaic devices are in high demand for both industrial, residential, and research uses. Although many types of solar cells have already been developed, there remains a need to improve their efficiency and decrease their cost. Researchers are exploring polycrystalline films as alternatives to large, single crystals in order to reduce expenses and simplify the manufacturing practice. Polycrystalline GaAs is known to be highly efficient (sometimes over 40% efficiency), and for this reason, GaAs has drawn a lot of attention from scientists studying thin film solar cells. A thorough analysis of the crystallization process would enhance the scientific community’s understanding of GaAs crystal growth, potentially leading to higher quality GaAs polycrystalline films. 
Deposition of GaAs can be accomplished in a number of ways, including chemical beam epitaxy, molecular beam epitaxy, and radio frequency sputtering. This study capitalizes on the process of MOCVD, which closely monitors the temperature, pressure, and flow rates of the gases involved. Rather than making deposits through physical means, MOCVD operates via chemical reactions in an evacuated chamber. Materials are usually deposited onto a substrate such as Ge, but they can also be accumulated on small TEM grids. Deposition onto grids offers a cheaper, easier, and faster way to generate samples. The grids can then be analyzed in a TEM to observe the various effects on crystal growth and structure. Furthermore, samples can be heat treated in the TEM, visually demonstrating the effects of thermal annealing on the sample in real time.
This study will largely focus on crystal size, uniformity, shape, and grain boundaries. Ultimately, the hope will be to observe key characteristics of the crystallization process and to obtain relatively large crystal grains. In addition, this project should give more insight into the aspect of lattice matching, permitting future solar cell designs to contain multiple lattice-matched layers on a given substrate. If a given solar cell could contain several layers of crystalline material, each with a different band gap, then a larger portion of the solar spectrum could be converted into energy.

2. Broader Impact
	The commercial production of solar cells often uses relatively cheap materials, but advanced solar technology is meant for more precise applications such as space exploration. For instance, the Mars rovers utilized highly developed solar panels. Satellites and other space apparatuses use them as well. But the possible applications are vast, making cost and efficiency highly desirable qualities. If the cost of thin film solar cells could be reduced, they would become more widely available. Manufacturing techniques could also be improved as scientists continue to unveil the potential evident in nanocrystals. Ultimately, high performance polycrystalline solar cells could make a significant impact in both the private and research sectors, benefitting both scientific discovery and green energy technology.

3. Procedure
Materials
-Gallium and Arsine gases
-TEM Grids from Electron Microscopy Sciences
-Graphite Paste from Electron Microscopy Sciences
Equipment
-A JEOL JEM-100 LaB6 transmission electron microscope (TEM) that operates up to 200 KV. The electron wavelength is 2.5 pm.
-MOCVD
-An Oxford Inca energy-dispersive silicon-drift X-ray (EDX) spectrometer
-Gatan Orius bottom-mount, 14-bit, 11-megapixel CCD camera
Procedures
MOCVD of GaAs
SiO TEM grids with a Mo layer were attached to a glass slide using a small amount of graphite paste as an adhesive. The slide was then attached (also by graphite paste) to the susceptor of the MOCVD. GaAs was deposited for approximately 10 to 20 minutes at temperatures of 400 and 500 ˚C.

TEM/EDX/Imaging/Diffraction
Using the TEM and a CCD camera, initial pictures were taken to get a sense of the nature of the film deposited. Diffraction patterns were then observed to distinguish between crystalline and amorphous deposits. EDX was used to determine the elements present at certain positions on the grid. If GaAs was present, then many CCD images were taken and further analysis was done.

4. Results
	First attempts to deposit GaAs were unsuccessful because the growth temperature was too low (approximately 300 ˚C). After raising temperatures to 400 and 500 ˚C, powdery gray films were observed on the glass slides. Inspection by the TEM revealed polygonal GaAs deposits scattered across the grids. But the SiO layer on the Mo mesh was damaged in the initial samples. It’s not altogether clear why the film fractured during growth, but it may have been due to high temperatures or improper placement of the grids. Nevertheless, as more samples were made, the SiO layers were no longer damaged. Photographs of damaged and undamaged SiO layers are shown below.
	A number of techniques were used to analyze the GaAs samples. First, EDX spectra were taken in order to ensure that Ga and As were present in the sample. Once this had been verified, electron beam diffraction was utilized. The most compelling evidence that GaAs had been deposited were the diffraction patterns, which matched the expected ring patterns given by GaAs crystals with Miller Indices of {1 1 1}, {2 2 0}, and {3 1 1}. The diffraction patterns clearly indicated a crystalline sample judging from the distinct circular rings. In addition to diffraction, the crystals themselves and the lattice fringes were measured directly from images taken with a CCD camera. Crystal grain sizes from one sample are shown in the histogram below.
	The crystals themselves were polygonal in shape and often appeared to be hexagonal. However, the particles did not seem to have any distinct symmetry. It was noticed that the crystals contained sizeable planar defects, most obvious being the twin boundary lines. At the outset, the hope was to create a uniform amorphous film of GaAs to be crystallized in the TEM via in-situ heating. But as mentioned before, GaAs did not appear on the grids at lower temperatures, making the production of a uniform film difficult. Instead, individual grains appeared throughout the grid. For the most part, they were randomly scattered throughout the sample, but some did appear more tightly clustered than others. In some instances, crystal grains were overlapping. The absence of an amorphous film meant that heating was unnecessary for crystallizing each sample. If amorphous films could be deposited, perhaps on a substrate, then heating may lead to more uniform grains with reduced defects. 
 (
(
Figure 2: 
A diffraction pattern taken fr
om numerous GaAs crystals. The {1 1 1}, {2 2 0}, and {3 1 1}
 rings have been measured.)
) (
(
Figure 1: 
GaAs crystals taken 
using
 dark field imaging in the TEM. The dark field technique accents the defects present in the grains.)
)[image: F:\TEM\GaAs\Sample 6\Dark Field 1 7.11.11.tif]                  [image: C:\Users\Andrew\Desktop\Diffraction.tif]

 (
(
Figure 4: 
A relatively low magnification image of a GaAs deposit. The light-gray, fractured bits are parts of the damaged 
SiO
 layer. This particular samp
le had large grains of which som
e have been measured.)
) (
(
Figure 3: 
A close-up view of a single GaAs crystal. Notice the lattice fringes present in the bottom right-hand corner of the grain.)
)[image: F:\TEM\GaAs\Sample 6\image 6 7.6.11.tif]                  [image: F:\TEM\GaAs\Sample 4\image 1 6.29.11.tif]

 (
(
Figure 6: 
An EDX spectrum taken from a GaAs sample. The peaks represent what one should expect, namely Si and O from the grid, and Ga and 
As
 from the MOCVD deposit.)
) (
(
Figure 5: 
A low magnification picture of 
a 
GaAs sample
 in which the film has not been damaged
. The crystal grains are 
evenly
 dispersed across the grid.)
)[image: F:\TEM\GaAs\Sample 6\image 1 7.6.11.tif]                                  [image: ]
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Equation 1:
)
      


 (
(Figure 7: 
This graph displays the relations
hip between the miller indices {
h
,k,l
}
 and measurements taken from the diffraction pattern above. The relationship is 
encapsulated
 by eq
uatio
n. 1.
)
)
	Reference Value
	Calculated Value
	% Error

	 (
(
Table 1
: This table displays the percent error from the calculated and reference value of the GaAs lattice constant (a).)
)0.5653
	0.5562
	1.61




 (
(Figure 8
: 
A histogram displaying the frequency of crystal size based on a sample of 150 crystals. The x-axis is measured in 
μm
. This particular sample was grown at 500˚C for 10 minutes.
)
)


5. Discussion
Perhaps one of the biggest surprises was the difficulty of obtaining either an amorphous or polycrystalline film on the grids. This led to a deviation from the original plan, which would have focused more on in-situ heating, crystallization rates, and grain development. Although it was unexpected to see GaAs polygons distributed across the samples, the distinct grains provided valuable analysis. Further research should be down, however, to find a way to make uniform GaAs films. Using a substrate, instead of TEM grids, could be useful in this regard.
	Further study of the significance of the crystal grains’ polygonal structure would be a worthwhile pursuit as well. Convergent Beam Electron Diffraction (CBED) was attempted in order to determine if there existed any notable symmetry in the grains, but inadequate time prevented a thorough study of CBED. It is possible that the shape of each grain depends on its size since the smaller grains tended to have sharper, well-defined edges. This understanding could also provide information about the defects which occurred in all of the grains. An enhanced knowledge of GaAs grain growth would be extremely useful for explaining the TEM images that were collected.
	The two successful samples that were created near 500˚C may suggest that higher temperatures result in larger grains. It may be true that longer deposition times have a similar outcome. However, the data at this point is insufficient to make any conclusive remarks about the linkage between grain size and temperature/deposition time.
6. Conclusion
	GaAs was successfully deposited onto TEM grids, but not as a uniform film. Many polygonal grains were grown that tended to have a hexagonal shape as well as observable defects. Now that many images of GaAs crystal grains have been captured in the TEM, it should be easier to identify GaAs in future samples. What remains to be investigated are the parameters which maximize the efficiency of MOCVD grown GaAs solar cells. Studies such as these will enhance the broader development of solar technology, and in particular, those which utilize polycrystalline films. Other studies have shown that GaAs can be a highly efficient solar cell material, and for this reason, additional study of polycrystalline GaAs should be considered valuable.






References
1. Geisz, J. F., Friedman, D.J., Olson, J. M., Kurtz, Sarah R., Reedy, R. C., Swartzlander, A. B., Keyes, B. M., Norman, A. G. (2000). BGaInAs alloys lattice matched to GaAs. Applied Physics Letters, 76 (11), 1443-1445.
2. Geisz, J. F., Kurtz, Sarah, Wanlass, M. W., Ward, J. S., Duda, A., Friedman, D. J., Olson, J. M., McMahon, W. E., Moriart, T. E., Kiehl, J. T. (2007). High-efficiency GaInP/GaAs/InGaAs triple-junction solar cells grown inverted with a metamorphic bottom junction. Applied Physics Letters, 91 (2), 023502: 1-3
3. Wilt, David M., Pal, AnnaMaria T., McNatt, Jeremiah S., Wolford, David S., Landis, Geoffrey A. (2006). GaAs photovoltaics on polycrystalline Ge substrates. Photovoltaic Energy Conversion, Conference Record of the 2006 IEEE 4th World Conference, 1891-1894.
4. Soga, Tetsuo. Nanostructured Materials for Solar Energy Conversion (2007).

Acknowledgments
The funding for this research came from the National Science Foundation. I would like to thank advisors Dr. Phil Ahrenkiel and REU site director Dr. Michael West for their guidance and support with this project in addition to Dr. Alfred Boysen, who as a professor of English, provided assistance with the communication aspects of writing and speaking. Finally, I would like to acknowledge the graduate students in the Nanoscience and Nanoengineering department at SDSM&T for all of their help with the equipment and the direction they gave me along the way.
11	8	3	35.730506250000012	25.664355999999994	9.5511902500000048	.11-.15	.16-.2	.21-.25	.26-.3	.31-.35	.36-.4	.41-.45	.46-.5	.51-55	.56-.6	.61-.65	.66-.7	.71-.75	.76-.8	.81-.85	.86-.9	.91-.95	1	2	5	10	26	14	22	20	18	12	5	8	2	3	1	0	1	image6.tiff




image7.tiff




image8.emf




 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































As



Ga



O



As



Ga



Si



Ga



As

0 2 4 6 8 10 12 14 16 18 20

keV Full Scale 294 cts Cursor: 7.409  (1 cts)

Spectrum 4


image1.png
SOUTH DAKOTA

SCHOOL OF MINES
& TECHNOLOGY




image2.gif




image3.tiff




image4.tiff
2 1/nm




image5.tiff




