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Abstract 

Toward the realization of cost-effective GaAs solar cells for 

terrestrial application, polycrystalline GaAs films have been 
:• 

deposited on graphite by chemical vapor deposition using trimethyl-

gallium and arsine in a hydrogen carrier gas. The effects of growth 

conditions such as the substrate temperature, reactant concentrations 

and substrate surface preparation on growth rates and film micro-

structure have been studied using optical and scanning electron 

microscopy and by X-ray diffraction analysis. The growth kinetics 

were found to be surface reaction controlled between 675 and 750°C, 

and gas-phase diffusion controlled between 750 and 900°C. Dendritic 

growth occurred at substrate temperatures below 675°C, andabove 960°C. 

Grain size up to 5 pm could be achieved with high substrate temperatures 

. -3 
below 960°C and trimethylgallium mole fractions near 10 • Surface 

preparation of metallurgical graphite by mechanical polishing was 

shown to reduce the surface defect density, but introduced holes 

in deposited films. Sand blasting of the graphite substrates produced 

increased roughness in the deposited films. Electrical properties 

of the films are also presented. 
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Introduction 

GaAs is one of the most promising compounds for the preparation of 

solar cells. This compound semiconductor exhibits a favorable .band 

gap for maximum conversion efficiency of the solar spectrum and the 

lowest dependence of electrical perfor~nces upon temperature. The 

preparation of single crystal GaAs solar cells has already been 

1 2 3 reported ' ' but, these remain economically unattractive for 

terrestrial applications because of the high cost of the GaAs substrates 

required if used without concentrators or to the cost of the concen-

trators. The absorption coefficient of GaAs is sufficiently high that 

Work performed under the auspices of the U. S. Energy Research 
and Development Administration. 
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a thin layer of 3-5 ~m in thickness is sufficient to absorb the 

majority of the energy contained in the solar spectrum. A cell con-

sisting of such a thin film deposited on a low-cost foreign substrate 

would be much more attractive economically because of the much lower 

amount of gallium needed, provided that the performances of the cell 

are not degraded significantly by the polycrystallinity of the film. 

The effect of grain boundaries on the performances of a poly

crystallirte cell have been recently discussed and calculated. 4 Due 

to the low diffusion length of minority carriers in GaAs, a fabrication 

technology capable of producing films with columnar grains of a few 

microns diameter and of height equal or smaller than the diameter 

would result in an photovoltaic energy conversion efficiency close to 

the maximum possible. 

The preparation of GaAs films by chemical vapor deposition using 

the system Ga(CH3) 3/AsH3/H2 is, to date, the most attractive method 

of producing GaAs films for terrestrial solar cells applications.
5 

In an attempt to produce films 'having the required mechanical and 

electrical properties, GaAs has been deposited on metallurgical grade 

graphite by this method. Graphite has been selected for the film 

substrate on the basis of its low cost and high electrical conductivity. 

This substrate material can also be used as one of the electrical 

contacts 0£ the cell. The influence of growth conditions such as sub-

strate temperature and concentrations of reactants on the microstructure 

of the film has been studied using X-ray diffraction technique and 

optical and scanning electron microscopy. The graphite substrate 

.. 



0 () d 0 0 

-3-

surfaces were prepared by industrial polishing, by mechanical lapping, 

and by sand blasting in order to examine the effect of surface 

preparation on film defect density and on film microstructure. 

-· Finally, electrical properties of the resulting films are presented. 

Experimental 

1. Apparatus 

The apparatus used for the deposition of GaAs is shown schematically 

in Fig. 1. The concentrations of reagents in the carrier gas were 

regulated by flow metering valves. The trimethyl gallium (TMG) was 

contained in a cylindrical pyrex and stainless steel saturator main-

tained at 0°C, through which hydrogen was sparged to.vaporize the TMG. 

The gases are thoroughly mixed before entry into a water-cooled, vertical 

quartz 'reactor 4 em in diameter and 30 em in height. Samples were 

supported on a graphite susceptor at the top of a quartz pedestal and 

heated by an rf coil, while the reactor walls were water cooled to 

avoid undesired deposition of GaAs. Temperature, measured by a 

thermocouple was corrected by an appropriate calibration to compensate for 

the effects of the rf current in the thermocouple . 

• 
2. Reactants 

The reactants used in preparing the GaAs layers were 99.9% 

trimethylgallium (Ventron corporation) and 99.995% arsine (Matheson Gas 

Products). Th~ hydrogen carrier gas was purified by passage over a 

Deoxo catalyst to remove oxygen, then by diffusion through palladium. 

Belium was used with no special purification as a purge gas. Substrates 
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were prepared from 99.9% pure graphite with a density of 1.75 g/cm
3 

(Union Carbide). Typical substrates were 12 mm square and 5 mm thick. 

3. Procedure 

The samples were prepared by chemical cleaning and by mechanical 

methods in order to compare the effect of surface preparation methods. 

Samples selected to minimize the density of surface defects and 

scratches were used in'the unpolished condition. Mechanically polished 

samples were prepared by polishing .to a 1 ~m finish. Sand blasted 

samples were prepared by sand blasting with approximately 5g of 25 )Jm 

silicon carbide abbrasive during a period of 10 s. 

All samples were chemically degreased by boiling for 10 min. each 

in perchloroethylene, acetone, methanol and isopropyl alcohol, then 

stored for subsequent use in a dust-free containe-r. Immediately before 

introduction into the reactor, the substrates were cleaned again with 

dichlorodifluoromethane gas to remove any dust particles from the sur.:.. 

face. To minimize contamination from the susceptor, the graphite 

susceptor was given the same cleaning treatment. 

Chemical vapor deposition of GaAs from trimethylgallium and arsine 

was carried out as follows. After the graphite substrate and susceptor 

were placed within the reactor, helium was allowed to flow for a period 

of 5 min in order to remove all air from the system. Then hydrogen 

was allo'Wed to flow for an additional 10 min period to displace all helium. 

The substrate was then heated to about 1000°C for 10 min in hydrogen 

in order to desorb unwanted gases from the substrate surface.- The 

temperature was then reduced to the growth temperature and the flow 

" 
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of arsine begun. The flow of hydrogen through the trimethyl gallium 

saturator was then begun. 

Following the growth period the trimethyl gallium flow was stopped, 

and the sample temperature reduced rapidly to approximately 350°C. Then 

the flow of arsine was turned off, and the sample allowed to cool to 

room temperature. The reactor was purged with helium before the sample 

was removed. 

4. Film Characterization 

Growth rates of GaAs on all substrates was observed to be homogeneous 

across the substrate, except at edges where there was a lower film 

density and sometimes dendritic growth. All properties were measured 

in thevicinity of the center of the samples where the highest growth 

homogeneity was found. 

Films were characterized using X-ray diffraction with a Cu x-ray 

source.· Film surfaces were examined by optical and scanning electron 

microscopy. Vertical cross sections were prepared by cutting the 

sample, polishing to a 1 ~m diamond finish and etching with 1% by 

volume of bromine in methanol. 

Growth rates were determined from the film thickness measured on 

the vertical cross section and from the deposition time. For most of 

the films deposited, the void fraction was very small, and thus the 

measured growth rates were very close to the true growth rates. 

Concentrations of TMG were calculated based on the assumption 

that thermodynamic equilibrium at 0°C is reached in the bubbler con-

taining TMG and that this equilibrium can be described by Roault's law. 

( 
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Doping level of the films was deduced from voltage breakdown 

measurements (without correction for the grain boundaries). Carrier 

type was determined by the hot-cold probe technique and by observation 

of the electrical characteristics of Schottky barrier cells. 

D. Results 

1. Film Microstructure 

GaAs films with thicknesses between 5 and 50 ~m were deposited 

under different conditions of growth. The films were all found to be 

polycrystalline with grain size decreasing with increasing film thick-, 

ness. The cross section of a 20 ~m thick GaAs film on unpolished 

graphite is shown in Fig. 2. 'It can be seen that larger crystallites 

are found close to the top surface but no columnar structure is 

evident in the normal direction. Similar examinations of films grown 

on substrates containing surface defects showed that the substrate 

defects are replicated in the GaAs film, and some major mechanical 

defects such as pits and hilloCks generate a high density of grain 

boundaries. Crystallites found at the top or thin layers (3-6 ~m thick) are 

typically 2-5 ~m in diameter with some variation in the grain size. 

X-ray diffraction analysis shows that the films were randomly oriented 

with a (422) prefered orientation with respect to the substrate plane. 

2. Effect of Growth Conditions 

The growth conditions were found to have an influence on the growth 

rate and on the mechanism of growth. Therefore, the growth conditions 

have a strong influence on the properties of the deposited layers. 
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Higher concentrations of TMG were found to produce higher growth 

rates, as expecteL Surprisingly, larger crystallites were obtained at 

higher growth rates, up to a maximum size of about 5 lJm '~it TMG molar ... 
-3 concentrations greater than 0.6xlO ,as shown in Fig. 3. 

Measured growth rates are shown as a function of TMG concentration 

in Fig. 4 and compared with growth rates observed for (100) GaAs single 

1 b . h 6 crysta su strates grown 1n t e same reactor. At low TMG concentrations, 

the rates are lower than the growth rates on (100) GaAs. At higher 

concentration, the rates are much larger and depend also on the defect 

density of the substrate. As will be discussed below, the nucleation 

of GaAs is critically dependent on the nature of the surface and on the 

surface preparation. The growth rate on unpolished s~mples exhibited 

differences in growth rates under the same experiment<ll conditions, 

depending on the defect density in the substrate surface. 

These observations tend to show that the nucleation rate is less 

dependent on the TMG concentration than is the growth rate. This effect 

accounts for the larger crystallites at the higher concentration of TMG. 

• The low deposition rates obtained at low concentrations are due to the 

process of incubating GaAs embryos to a critical size for growth on 

the relatively flat and edge-free graphite surface. In the vicinity 

of mechanically induced surface defects, however, the smaller crystallites 

obtained indicate that a higher nucleation rate is present in such regions. 

When the graphite surface is completely covered with GaAs a 

much higher surface area and ledge density allows growth to occur more easily, 

thus leading to the high observed growth rates. 
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The effect of substrate temperature on the morphology of GaAs 

crystallites is shown in Fig. 5. At temperatures near 600°C, only 

dendrites were formed, as shown in Fig. Sa. At lower temperature, the 

deposition rate diminishes as a consequence of the surface reaction~ 

controlled growth. Between 700°C and 960°C, relatively uniform films 

were obtained, with crystallite size increasing with temperature, as 

shown in Figs. 5b-e. In· this range, the growth is most probably limited 

by the diffusion of reactants through a momentum boundary layer adjacent 

to the surface. At temperatures above 1000°C, dendritic growth occurred 

in competition with isotropic growth, as shown in Fig. 7f. At low 

temperatures the rate of nucleation is expected to be high and critical 

.size clusters are more likely to form, thus leading to a small grain 

size. At higher temperatures, the nucleation rate is reduced by enhanced 

desorption, and thus larger crystals are obtained. 

The mechanisms for growth in different temperature ranges are sum

marized in Fig. 6. At temperatures below 680°C, and above 960°C, 

dendritic growth predominates. Surface reaction controlled growth 

appears to prevail between 680°C and 750°C, while diffusion controlled 

growth dominates between 750 6 C and 960°C, and the growth rate is nearly 

independent of temperature. The diffusion controlled growth regime 

spans a wider temperature range than the corresponding growth on (100) 

GaAs, shmvn by the dotted line in Fig. 6, as reported by Lin and 

6 
Donaghey. 

3. Effect of Surface Preparation 

The surface of the unpolished form of the high density graphite 

studied, although macroscopically flat and free of gross defects, did 

exhibit mechanical defects such as ~cratches, hillocks and pits, which 

·-
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increased the local defect density in the grown GaAs films, as shown in 

Figs. 7a-b. Thus, the grown films had an appreciable defect density 

at their outer perimeters. 

In an attempt to reduce the defect density in the graphite substrate 

surface before chemical vapor deposition, mechanical polishing to a 1 ~m 

diamond finish was carried out. This surface treatment is a simple way 

to obtain a flat surface, but as an industrial operation, it is very 

costly. A second method of surface preparation studied was sand blasting 

which is a less costly industrial operation for reducing surface defects. 

Acomparison of graphite .surfaces before and after deposition, with 

unpolished, mechanically polished and sand blasted graphite substrates 

-4 is shown in Fig. 7, for growth at 750°C with molar flows of 7.44Xl0 , 

. -7 -6 
3.0Xl0 arid 8.9xlO mole/s of H2 , TMG and arsine, respectively. 

Mechanical polishing removes scratches and hillocks which are found at 

the surface of graphite, but creates a large d~y of holes due to the 

prE'sence of many pores in the bulk graphite. The deposition of GaAs on 

mechanically polished graphite produces a layer with fewer hillocks, and 

an increased number of voids, but the size of crystallites is essentially 

the same, as shown in Fig. 7(c) and (g). The deposition rate is about 

25% lower on mechanically polished graphite as compared to that on 

unpolished graphite. This effect is probably due to the flatter surface 

of the·mechanically polished sample as shown in Figs. 7a-e so that 

nucleation is more difficult than on the unpolished surface. 

Sand blasted graphite has a rough, mountain-like surface with many 

defects (Fig. 7i). Growth is not uniform, but takes the form of small 

spheres (Figs. 7j-l). This effect might be due to the presence of 
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inhibiting defects of a similar nature in the substrate surface. 

4. Electrical Properties 

Without intentional doping the GaAs films grown were usually n-type 

and had carrier concentration of about 5xl0
16 

cm- 3 . These are mostly 

due to the impurities contained in graphite which diffused into the 

GaAs film during growth, and to the high As/Ga ratio used during the 

growth. As expected, at high temperature or at low growth rates, the 

. . . d b 1017 - 3 d carr1er concentrat1on 1ncrease , up to a out em , an p-type 

conductivity was found in some GaAs films grown. 

Attempts were made to prepare Schottky barrier solar cells using 

5 ~m thick layers of GaAs grown at 750°C. However, the cells made had 

always very low short circuit current and very high series resistance 

because of the high resistance of the graphite/GaAs interface. 

E. Conclusions 

In an attempt to prepare films of GaAs having adequate properties 

for thin film solar cells for terrestrial application, GaAs has been 

deposited by CVD using the system Ga(CH3)
3

/AsH
3

/H2 on metallurgical 

grade graphite, and the properties of the films obtained studied with 

respect to growth conditions (temperature, concentration of reactants) 

and surface preparation (mechanical polishing, sand blasting). 

Films obtained are polycrystalline, randomly oriented, with grain 

size of 1 to 5 um depending on the growth conditions. Higher tempera-

tures (up to 960°C) and larger input of TMG mole fractions produce 

larger grain size. Deposition rates are nearly proportional to the 

TMG mole fraction and independent of temperature in the range 750 < T < 960°C. 

• 
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Mechanical polishing of the graphite reduces the defect density 

. ., but introduces holes in the GaAs films because of the porosity of 

graphite; and sand blasting the graphite produces a roughened GaAs 
.. (' 

layer. 

Schottky barrier solar cells have been prepared using the films 

grown but they always exhibited a very low short circuit current and 

a very high series resistance because of the high resistance of the 

graphite/GaAs interface. 
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FIGURE CAPTIONS 

F~g. 1. Experimental apparatus for the chemical vapor deposition of GaAs. 

Fig. 2. Vertical cross section of a GaAs layer deposited on graphite. 

Fig. 3 •. Scanning electron micrograph gf GaAs deposited on unpolished 

-4 graphite at 750°C, a hydrogen flow rate of 7.44xlO moles/s 

(1 .!1,/min) and As/Ga = 24 for different TMG mole fractions and 

growth time: (a) 0.015%; 30 min. (b) 0.024%; 21.5 min. 

(c) 0.041%, 10 min. (d) 0.062%, 10 min. 

(e) 0.11%; 10 min. (f) 0.17%; 10.5 min. 

Fig. 4. Growth rate at 750°C as a function of TMG mole fraction. 

Fig~ 5. Scanning electron micrographs of GaAs deposited on unpolished 

graphite at different temperatures, for a hydrogen flow rate 

-4 of 7.44Xl0 mole/s (1 .!1,/min.), AsH3/TMG = 24 and a growth time 

of 10 min. (11 min for sample a): a) 600°C, b) 700°C, c) 800°C, 

Fig. 6. Effect of substrate temperature on the growth rate of GaAs on 

unpolished graphite. 
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Fig. 7. Comparison of substrates and GaAs films deposited on (first row) 

unpolished, (second row) mechanically polished, and (third row) 

sandblasted graphite. First column: SEM micrograph of 

substrate surfaces before deposition. Second and third columns: 

GaAs films at different magn~fications. Fourth column: vertical 

cross sections of deposited GaAs layers. Growth conditions: 

substrate temperature, 750°C; H
2 

flow rate 7.44xl0-4 mole/s 

(1 ~/min); TMG mole fraction, 0.041%; As/Ga molar ratio, 30; 

deposition time, 40 min. 
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Fig. 2. Vertical cross section of a GaAs layer deposited on graphite. 
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XBB 769-8369 

Scanning electron micrograph of GaAs deposited on unpolished 
graphite at 750°C, a hydrogen flow rate of 7.44xlo-4 moles/s 
(1 t/min) ru1d As/Ga = 24 for different TMG mole fractions and 
growth time: (a) 0.015%; 30 min (b) 0.024%; 21.5 min. 

(c) 0.041%, 10 min. (d) 0.062%, 10 min. 
(e) 0.11%; 10 min. (f) 0.17%; 10.5 min. 
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XBB 769-3873 

Fig. 5. Scanning electron micrographs of GaAs deposited on unpolished 
graphite at different temperatures, for a hydrogen flow rate 
of 7.44xlo-4 mole/s (1 ~/min.), AsH3/TMG = 24 and a growth time 

of 10 min. (11 min for sample a): a) 600°C, b) 700°C, c) 800°C, 
d) 900°C, e) 960°C, f) 1000°C. 
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(second row) mechanically polished, and ( third row) sandblasted graphite. First 
column( SEM micrograph of substrate surfaces before deposition. Second and third 
columns( GaAs films at different magnifications. Fourth column: vertical cross 
sections of deposited GaAs layers. Growth conditions( substrate temperature, 750°C; 
Hz flow rate 7.44xlo-4 mole/s (1 ~/min); TMG mole fraction, 0.041%; As/Ga molar 
ratio, 30; deposition time, 40 min . 
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