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I. GENERAL INTRODUCTION

Now that the energy crisis has become a permanent reality, there
4is a strong incentive to develop alternate energy sources other than ’
the conventional sources. |

Solar cells, generating electricity directly from the sun by the
photovoltaic effect, are a promising non-polluting alternate source.
Among the suitable semiconducting compounds for.uée in the fabrication
of solar cells, GaAs in one of the most attractive: its 1.4 eV bana
gap energy is close to the value which produces the maximum conversion
efficiency of the solar irradiance; its absorption coefficient is such
that a 1ayer of only a few microns could absorb almost all incident
sﬁnlight; GaAs solar cells‘pan work at a sensibly higher température
fhan cells made with other materials without important loss of
efficiency. |

Single crystal GaAs solar cells have already been prepared, and
conversion efficiencies up to 21% AMl'have been achieVed, but they
remain economically unattractive for terrestrial application in éreat
part due to the high current price of GaAs and to the‘large mass of
substrate needed for each cm2 of solar qell.

In the cells prepared using single crystal sgbstrates, the active
part of the device is located in the:first few top microhs;bwith the
remaining part being used just as a mechanical substraté, Thus, a cell
consisting of a thin layer of GaAs (2-5 um) deposited on . a foreign

material of low cost such as a metal or graphite would be much more



attractive from an economic point of viéw due to the much smaller
amount of GaAs needed to make it, provided the performance of the cell
were preserved.

In depositing GaAs on a foreign material, the film obtained is
expected to be polycrystalline. The effect of the grain boundaries
on thé performances of the cell have been recently discussed and
¢0nfirmed experimentally: due to the low diffusion length of the
generated carrieré in GaAs, a technology capable of producing grains
of a few microns (2-5 um) diameter witﬁ a cémparable thickness and
columar in structure, would result in cells having a conversion
efficiency close to that of single crystal cells.

_ Thié work is directed at obtaining thin films of GaAs having the
properties required for low-cost solar cells, and at determining the
properfies of the deposited films. To prépére the films, the chemical
vapor deposition technique has been prefered to liquid phase epitaxy.
At that moment, the system Ga(CH3)3/AsH3/H2 appears to be the most
attractive with respect to large scale production: this system is
halogen-free (limiting corrosion problems), deposition is limited to
a hot surface where the pyrolytic decomposition of Ga(CH3)3 can take |
place (implying low loss of material) énd only one high temperatureb
is required. For these reasons, this system has been chosen to prepare
thé experimental films.

In Chapter II, a comparison of the propérties of different
materials suitable as substrates for low-cost GaAs solar cells is

presented. On the basis of this review, graphite and molybdenum were



.

selected for further study. The influence of the growth conditions
(temperature, concentraﬁion of reactants, concentration of dopaht gas)
on the microstructural properties’of deposited films of GaAs on graphite
and molybdenum substrates are then reported in Chapter III and IV,
respectively. Finally, the properties of GaAs solar cells prepared on

molybdenum substrates are reported in Chapter V.

P el L)



II. EVALUATION OF SUBSTRATE MATERIALS
FOR LOW COST GaAs SOLAR CELLS

A. Abstract

GaAs has been deposited on substrate materials by chemical vapor

deposition from trimethyl gallium and arsine in a hydrogen carrier gas. ' -

The microstructural and electrical properties of the films were studied
to'determine the effects of the different substrate materials on film
and iﬁterfacial properties. Of particular interest were the grain size
and growth morphology of GaAs crystallites, the interfacial reaction
products formed between the GaAs and thé metal during growth, and the

resulting electrical contact resistance between the film and metal.

B. Introduction

Gallium arsenide has been shown to offer significant potential
for use in high efficiency solar cells.l~3. Although GaAs solar cells
with highest efficiency have been prepared on single crystal substrates
by liquid phase.epitaxy,4 such cells remain econoﬁically unfeasible for
large-scale terregtrial applications because of the high cost of galliﬁm
and the cost of the technology involved. Thin film solar cell technology,
consisting of the deposition of a thin film of GaAs 2-5 um thick on a
low~cost substrate, is a potentially economical way tolreduée the cost -
of solar cell production as well as reduce significantly the ¢§st of

the raw materials. The object of this chapter is to evaluate the

properties of several substrate materials potentially useful in the
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preparation of GaAs solar cells. A literature survey in conjunction with
experimental deposition of films is presented, and on the basis of this

study, different substrates are selected for further study.

C. Literature Survey

Several low-cost materials have been examined previously as
substrates for polycrystallinebsolar cells. Steel and iron sheet have
been proposed as a substrate ﬁaterial for polycrystalline silicon
solar cells.5 The ready availability and low cost of iron and steel
sheet make them economically attractive as a structural support for
1arge—area, terrestrial applications. However, low conversion
efficiencieslhaQe been reported for polycrystalline silicon solar cells
deposited on steel because of the incompatibility of the physical and
metallurgical properties of silicoﬁ and steel.6 Metallurgical graphite
has also been proposed as a suberate for silicon solar cells because
of similarities in the éoefficients of thermal expansion;7 For
polycrystalline GaAs solar cells, Vohl et al. have recommended
molybdeﬁum and aluminum és metallic s;ibstrates.8 Aluminum has the
advantage of exceptionally light weight, and excellent eiectricali
pfoperties, but a low melting temperaturé, whereas molybdenum hés a
volatile oxide which can be decompbsed easily in the GaAs growth
environment.

Multi-layered substrates have also been proposed for low-cost

‘solar cells.8 In the simplest form, the multi-layered structure con~

sists of a structural sub-layer and a conducting coating which compensates

for disadvantageous properties of the sub-layer. In silicon solar cells,



diffusion barrier films of titanium, tungsten, molybdenum, silica and
borosilicate glass have been propoéed to prevent contamination of the
semicénductor by impurities in the Sub-—layer.5 The possibility of
utilizing multi-layer substrates expands the possible materials for
the sub-layer to include insulators such as glass and ceramics,
provided that the additional supported substrate film provides an
electrical contact to the GaAs film, and aids in nucleation of GaAs.

Ideally, the.substrate used for low-cost solar cells sﬁould be
available in thin sheets at low or moderate cost and should not react
with gaseous reactants or with GaAs under the conditions of the depoéi—
tion. Also, the thermal expansion coefficient should match sufficiently
with that of GaAs so as to avoid plastié deformation of the film during
coéling from the film deposition temperature. The film obtained should
have a strong adherence with the substrate and exhibit large grain size.
with columnar structure. Electrical properties of interest are high
conductivity of the substrate and low ohmic contact resistance to GaAs,
so that the metal can be utilized as omne of the electric contact of the
cell.

The prOperties_of éeveral metals potentially useful as sﬁbstrates
for GaAs solar cells are summarized in Table 1. vOf thé meﬁals con-
sidered, nickel and iron-base alloys offer the lowest cost, but with
the largest mismatch in the coefficient of thermal expansion. Tantalum
matches the coefficient of thermal expansion of GaAs most closely, but
has one of the highest costs of substrate metals.  Molybdenum is avail-
able at a relatively low cost, but has a coefficient of thermal expansion

which differs from that of GaAs by 147.



Table 1. Properties of Substrate Materials

Substrate Thin Sheet* Price of a 0.2 mm* . Melting Coefficient of
Material Price (cents/gr) thick sheet temperature Therma} Expagsion
$ /m? °C (cchyxio
GaAs > 100 1238 6.4
Ni 1.3 23.1 53 13.0
Stainless-Steel 0.57 9.0 1535 (Fe) 12 (Fe)
fi 2.1 18.9 : 1675 8.5
Ta 19 631 2996 6.5
Mo 6.8 138.7 2610 5
W 20.5 793.4 | | 3410 4.5
pyrex 2.83 94,7 3.3
(1/16" thick sheet)
graphite > 3350 variable

%
From Ref. 9.
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' ‘GaAs films were ‘prepared ffbm‘trimethyl galliuﬁ"(TﬁG) ah& arsine

~in a hydrogen carrier gas, in an rf-heated reactor. The experimental

[N s S i

"apparatus and procedure used to fabricate thin films of GaAS éré
described in Chapter III. | |
Materials used were metallurgical gradevmetalé and5graphite (99;9%i"
purity) and ordinary pyrex glass. Prior to the déposition;'the samples
were degreased in hotrsolvents, and météllic substrates ﬁerevetched
for 10 min. in hot hydrochloric acid. GaAs films'were then depoSite4 ,v
on each substrate under conditions optimizedvfrom growth>on single-
crystal éaAs. The growth.cqndiﬁidns Were;l Q/mi;Hé,vOﬁAI cm3/m£ﬁ TMG;;*'i??

12 cm3/min ASH3, a substrate temperatﬁre;of 7509C;iéﬁd?gfdépq§iti§nf

time of 10 min.
'To evaluate the interface resistance, a gold.p;obe O.S_mQVdiéﬁééer.
was placed‘dn the top surface of'fhe GaAs film and a contact-WaS
established with tﬁe substrate. A curfent througﬁ tﬁe resulting diode_
was theh increased until breakdown ocdurred. Then, ﬁhe total fesistance
of the diode Wés measured using a I-V curvé tracer.
The'fesistance measﬁred-is the sum of the following‘resiStances:“
(a) resistance of the wires
(b) resistance of the Au/GaAs interface
(c) resiétance of the GaAs layer. |

(d) resistancek?f the GaAq/metal interface -

_(e) resistance of the metal
s ,: . . e = 'v\,s"‘.’ A
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Tﬁe_terms-(a) and (e) are negligibled with the wires used. The
éarriér cbncehtfation of the samples is about 1016 cm—3, and the
thickneés of the film of GaAs is only a few microns so term (c)
is also negligible. The term (b) is assumed to be very small when
the.bfeakdown of thé diode has occurred, or at leasf to be ab&ut constant
iﬁ all experiments. Thus, the measured resistance.is a good<approxiﬁa—

tion for the resistance of the GaAs/metal interface.

E. Results and Discussion

A numBer of metals were found to react with arsenic under ﬁhe
cénditions Qf the deposition. In the films obt#ined, some compounds
were'identified by X—réy diffraction analysis and are reported in
Table 2. |

Experimentalvfilms of GaAs on Ta, Mo, W, graphite and pyrex were
also studied. A scanning electron micrograph of a 3;5 um thick deposited
film of GaAs is shown in Fig. 1. Interfacial properties are given in
Table 2.

Nickel appears.to have the desired eléctrical properties since it
has béen used to make ohmic contact with GaAs. However, under the
conditions of the deposition, nickel was found to react with arsenic,
as NiAs_and other coﬁpounds of As and Ni were identified in the film.

Stainless‘steel and Ti were.also found to react with arsenic,
although some films 6f GaAs weré Successfully‘deposited on these metals
without the formation of interfacial reaction products. Because of
 the reactién products found, however, these metals were rejected as

optimal substrates.
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Table 2. Properties of the GaAs Substrate Interface

Substrate Interfacial Inteffacial Reaction
Material resistance () Product Phases
Ni . low . NiAs, (NisAsz)H
.stainless steel low . FeAs, FeAsz,
Ti 0.35 (Tls Ga 4) 8H
Ta 1.80
at high temperature

Mo 0.52 MoAs2

W 0.92
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The surface morxrphologies of GaAs films deposited on various
substrates are shown in the scanning electron micrographs of Fig. 1.
The grain size on all substrates was distributed, indicating that new
crystallites were contiﬁuously nucleated during the growth process.

Large grains were obtained on tungsten substrate, but these were
separated by voids. Such films would exhibit a very low shﬁnt resistance
when the junction is formed. Thus this metal was not considered to be
suitable as a substrate for thin-layer GaAs solar cells.

Tantalum was rejected on the Basis of ité very ﬁigh cost, as shown
in Table 1 and of its high interfagial contact resistance with GaAs
as shown in Table 2.

Of the remaining substrate materials, Mo, glass and graphite,
graphite appears fo give the largest grain size_and thus was selected
for further study; Also, molybdenum was found to exhibit a favorable
combination of properties: the GaAs layer adheres well to this metal
without forming interfacial reaction products;‘the thermal expansion
is close to that of GaAs, and the cost is relatively low. This metal
was also selected for further study in spite of its relatively high
contact resistance to GaAs.

The properties of several materials potentially useful as substrates
for solar cells have b?en compared. - Stainless steel, Ni, Ti are
unsuitable because they react with As under the conditions of‘GaAs
deposition.

Among the potential substrate materials, graphite and Mo appear

to have adequate physical and electrical properties.
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FIGURE CAPTION

Fig. 1. Scanning electron micrographs of GaAs films'deposited on

different materials: (a) stainless steel, (b) tantalum,
(c) molybdenum, (d) tungsten, (e) pyrex and (f) graphite.
Growth conditions were:

temperaturei 750°C

hydrogen flow rate: 1 2/min.

TMG concentration: 0.041%

As/Ga = 29

Growth time: 10 mm.
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III. PROPERTIES OF CHEMICALLY VAPOR DEPOSITED FILMS
OF GaAs ON GRAPHITE

A, Abstract

Toward the realization of cost-effective GaAs solar cells for
terrestrial application,‘polycrystalline GaAs films have beeﬁ 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
and reactant concentrations and of substrate surface preparétion by
mecﬁanical polishing and sang blésting on growth rates and micro-
éfructure have been studied using optical and scanning electron micro-

scopy and by X-ray diffraction analysis. Electrical properties of the

films are also presented.

B. Introduction

GaAs is one of the most promising cbmpounds'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 performances upon temperature. The
preparation of single crystal GaAs solar cells has already been

1,2,3 . . Lo

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 absdrption coefficient of GaAs is sufficiently high that
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a thin layer of 3-5 um 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 léwer
amount of gallium needed, provi&ed that the performances of the cell
are not degraded significantly by thé polycrystallinity of the film.

The effect of grain boundaries on the performances of a pdly—
crystalline 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'%maller than the diameter
would result in an photovoltaic enérgy cohversion efficiency close to
the maximum possible.:

- - 'The preparation of GaAs films by chemical vapor deposition using
the éystem 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 métallurgical grade
graphite by this method. . Graphite has been selected for the film
substrate on the basis of its lﬁw cost and high electrical conductivity.
This substrate material can also be used as one of the electrical
contacts of the cell. The influence.of'growth conditions such as sub-
strate temperature and concentrations of reactants on the microstructure
of thé film has been studied using X-ray diffraction technique and

optical and scanning electron microscopy. The graphite substrate



Ya

surfaces were prepared by industrial polishiﬁg, 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.

c. Egperimental

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 saturatér main-.
tained at Q°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 cm in diameter and 30 cm in height. Samples were

placed on a graphite éusceptor at the top of a quartz pedestal and are
heatéd by RF coil, whereas the reactor is cooled to create a cold wall
and avoid undesired deposition of GaAs. Temperature, measured by a
thermocouple was corfected by an approipriate calibration to compensa{te
the effects of the rf curfent in the tﬁermocouple.
2. Reactants |

The reactants used in prepéring the GaAs 1ayérs were 99.97%
trimethylgallium (Ventron corporation) and 99.995% arsiné (Matheson Gas
Products). The hydrogen carrier gas was purified by passing.over_a
Deoxo catalyst to remove oxygen, then by diffusion fhrough palladium.

Helium was used with no special purification as a purge gas. Substrates
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were ﬁrepared from 99.97 pure graphite with a dehsity of 1.75 g/cm3
(Union Carbide). Typical substrates are 12 ﬁm Sqﬁare 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 um finish. Sand blasted
samples were prepared by sand blasting with 20 pym silicon carbide
abbrasive for a period of 10 s/cmz.

All samples were chemically degreased by boiling for 10 min. each
in perchlorocethylene, acetone, methanol and isopropyl alcohol, then
stored for subsequent use in a dust-free container. Immediately before
introduction into the reactor, the substrates were cleaned dgain with
dichlorodifluoromethane gas to remove any dust parficles from the sur-
face.‘ To minimize contamination from the susceptor, the graphite
susceptor was given the same clegning.treatmeﬁt.

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 dllowed 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 sufface. The

temperature was then reduced to the growth temperature and the flow



of arsine begun. ‘The flow of hydrogen throﬁéh fhe trimethyl gallium
saturator was then begun.

Following the growth period the triﬁethyl galliﬁm flow was stopped,
and the sample tgmperature reduced rapidly to approximately 350°C. Then
" the flow of arsine was turned off, and ;he sample allowed to cool to
room temperature. The réactor was éurged with helium before the sample
was removed.‘

4, TFilm 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
dénsity and sometimes dendritic growth. All pfoperties were mgasured
in the vicinity of the center of ﬁhe samples where the highest growth.
homogeneity was found.

Films werelcharacterized usiﬁg X-ray diffraction‘with CuKo. X-ray
source, and film surfaces examined by optical and scanning eiectron
micr§scopy. Vertical cross sections were prepared by cutting the
sample, poiishing to a 1 ym diamond finish and etching with 1% by
volume of bromine in methanol.

Growth rates wefe determined from the film thickness measured on
the vertical cross section and from the deposition time. For most of
the films deposited, the yoid fraction was very small, and thus.the
measured growfh rates were very close tb 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 um were &eposited
under different conditions of‘growfh. The films were all found to be
polygrystalline with grain size decreasing with increasing film thick-
ness. The cross section of a 20 um 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 colummar structure was
obtained in the qormal direction. Similar examinations of films grown
on substrates containing surface defects showéd that the substrate
defects are replicatedvin tﬁe GaAs film, and somebmajor mechanical
defects such as pits and ‘hillock generate a high density of grain
boundaries. Crystallites found at the t§p of thin layers (3-6 um thick) are
typically 2-5 um 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'gréwth
rate as expected. Surprisingly, larger crystallites were obtained at
higher growth rates, up to a maximum size of abdut 5 um It -TMG mdlar
concentrations greater than 0.6X10—3,as shown in Fig. 3.

‘Measured growth rates are shown as a function of TMG concentration
in Fig. 4 and compared ﬁith growth rates observéd for (100) GaAs single
crystal substrates grown in the same reactor.6 At low TMG concentrations, .
the rates are lower than tﬁe growth rates on (100) GaAs. At higher
concéntration, the rates are much larger and depend also on the defect
density of the substrate; As wiil be discussed bélow, the nucieation
of GaAs is critically‘dependent on the natufe of the surface and on
surface préparation. Thé growth rate on unpolished samples gxhibited
differences in growth rates under the same experimental conditionms,
depending on the defect density in the substrate surface.

These observations tend to show that the nuéleation rate 1is less
dependent on TMG concentration than the'groﬁth rate. This effect
accounts for the largér crystallites at the‘higher concentrétion of TMG.
The low deposition rates obtained at ldw concentrations are due to the

process of incubating nuclei having critical size to start cryStal on

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

of mechanically induced surface defects, howeﬁer, the smaller crystallites
obtaiﬁed indicate that a highef nucleaiion rate is present in such fegiop.
Wﬁen the graphite surface is completely covered with GaAs

much higher density of sharp edges allows growth to occur more eésily,

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
dendrifes were formed, as shown in Fig. Sé. At lower temperature, the
deposition rate diﬁinishes 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 thé diffusion of reactants through a momentum b0undaryvlayer 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 highéf temperatures; the nucleation rate is féduced by enhénéed
desorptioﬁ, and thus larger crystals are obtained. |

The mechanisms for growth in different temperaturé 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°C and 960°C, and the growth rate is nearly
\indgpendent'of temperature. The diffusion cpntrolled groﬁth regiﬁe
spans a wider temperature range than the corresponding growth on (100)
GaAs, shown by the dotted line in Fig. 6, as reported by Lin and
Donaghey.6 | |

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: scratch, hillocks and pits which -



increased the local defect density in the grown GaAs film, as shown in
Figs. 7a-b. Thus, the grown films had an appreciable defect density
at their outer surface.

In an attempt to reduce the defect depsity in the graphite substrate
surface before chemical vapor deposition, mechanical polishing to a 1 um
diamoﬁd finish was carried out. This surface treatment is a simple way
to thain 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 much cheaper industrial operation for reducing surface defects.

A compafison of graphiie surfaces before and after deposition for
unpolished, mechanically polished and sand blasted graphite substrates
vis shown in Fig. 7, for growth at 750°C with molar floﬁs of 7.44X10-4,'
3.0x10"7 and 8,.9x10_6 mole/s of H,, TMG and arsine, respectively.
Mechanical polishing removes scratches and hillocks which are found at
the surface of graphite, but creates a large number of holes due to the
presence 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, butAthe size of crysﬁallites is essentially
the samé, as shown in Fig. 7(c) and (g). The deposition rate is about
25% lower on mechanically polishgd 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 hasba rough, mountain—liké surface with many
defects (Fig. 7i). Grqwth is not uniform, but takes thé form of small

spheres (Figs. 7j-1). 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 Prépérties
Without inténtional dopiﬁg the GaAs films grown were usually n-type
and had carrier concentration of about 5X1016 cm—3. These are mostly
due to the impurities contained in graphite wﬁich diffused into the
GaAs film during growth, and to the high As/Ga rétio uéed during the
growth. As expected, at high temperature or at low growth rates, the.
carrier concentration increased, up to about 1017 cm—3, and p—typé
conductivity was found in some GaAs films growﬁ. |
Attempts were made to prepare Schottky barrier solar cells using
5 Um 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 interface graphite/GaAs.

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/AsH3/H2 on metallurgical
grade graphite, and the properties of the films obtained studigd with
respéct to growth conditions (temperature, concentration of reactants)v
and surface preparation (mechanical polishing, sandvblasting).

Films obtained are polycrystalline, randomly oriented, witﬁ grain
size of 1 to 5 uﬁ depending on the growth conditions. Higher tempera-
tures (up to 960°C) and larger input of TMG molé fractions produce
larger grain size. Deposition rates are nearly proﬁortional to the

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



Mechanical polishing of the grapﬁitebreéuées the defect density
but introduces holes in the GaAs films because of the porosity of
graphite; énd sand blasting the graphite produces a roughened GaAs
layer.

Schottky bérrier solar cells have been‘prepared using the filmé
grown but the& always exhibited a veryvlow short éircuit current and
a vefy high sériés resistance because of the high résistance éf the

interface graphite/GaAs.
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FIGURE CAPTIONS

Fig. i. Experimental apparatﬁs for the chemical vapor deﬁositioh of GaAs.
Fig. 2. Vertical,cross section of a GaAs layer deposited on graphite.
Fig. 3. Scanning electron micrograph of GaAs deposited on unpolished»

| : gfaphite at 750°C, a hydrogen flow rate of 7.44><10_4 moles/s

(1 2/min) and As/Ga = 24 for different TMG mole fractions and

growth time: (a) 0.015%; 30 min. - (b) 0.024%; 21.5 min.
| (¢) 0.041%, 10 min. (d) 0.062%, 10 min.
(e) 0.11%; 10 min. (£) 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, fdr a hydrogen flow raté
of 7.44;i0_4 mole/s (1 %/min.), ASH3/TMG = 24 and a growth time
of 10 min. (11 min for samplé a): a) 600°C, b) 700°C, c) 800°C,
d) 900°C, e) 960°C, f) 1000°C.

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

unpolished graphite.



. Fig. 7.
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Comparison of substrates and GaAs films dep&sited on (first row)
unpolished, (second row) mechanically polished, and (third row)
sandblasted graphite. TFirst column: SEM micrograph of
substrate surfaces before deposition. Second and third columns:
GaAs films at different magnificatibns. Fourth column: vertical
cross sections of aeposited GaAs layers. Growth conditions:

substrate temperature, 750°C; H2 flow rate 7.44X10—4 mole/s

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

deposition time, 40 min.
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IV. CHEMICAL VAPOR DEPOSITION AND PROPERTIES OF
GaAs ON MOLYBDENUM SUBSTRATES

A. Abstract

Toward the realisation of cost effective solar cells for
terrestrial application, GaAs has been deposited on metallurgical
grade molybdenum by chemical vapor deposition using trimethylgallium
(TMG) and arsine in a hydrogen carrier gas.

The influence of the substrate temperature, TMG mole fraction,

S mole fraction on the microstructural

AsH3/TMG molar ratio and H2

properties of the deposited layers have been studied using X-ray
diffraction and scanning electron microscopy. Electrical properties

of the layers are also reported.

B. Introduction

GaAs is one of the most promising semiconducting compounds for the
preparation of terrestrial solar cells: its favorable band gap energy
in relation to the solar energy spectrum results in the highest
prgdicted photovoltaic conversion effeciency, its high absorption
coefficient is such that a layer of a few microns in thickness is
sufficient to absorb almost all of the incident sunlight, implying a
low consumption of material in solar cells. Also, this compound can
be used at a significantly higher temperature than its competitors
without an important loss of conversion efficiency, thereby minimizing

the cooling problem during the operation of the cells in conjunction
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with concentrators.

Sihgle crystal solar cells have been prepared using GaAs1 but they
are economically unattractive, owing to the high cost of gallium, and
to the high technological‘cost of liquid-phase epitaxial growth. for
terrestrial applications of solar cells, the vapor phase deposition of
a thin layer of GaAs on a low-cost substrate offers significant
simﬁlification and cost reduction of the'finished solar cell. The
absbrption coefficient of GaAs is sufficiently.high that 6nly a thin
1ayef 3-5 ym thick is sufficient to absorb most of the solar spectrum
with energy in excess of the band gap.2 Also, it has been shown
recently that a GaAs grain size in the range of 3-5‘um woﬁld be suffi-
cient to attain 90% of the maximum conversion efficiency.

A recent review of potential, low-cost substrates for GaAs solar
cells has shown that molybdenum has several advantages over other
metals.4 Molybdenum is available at a reasonable cost, has a thermal
expansion coefficient close to that of GaAs 'and it has a volatile oxide
which can be easily removed during the GaAs‘growth process. This metgl was
selected for study as a substrate for GaAs solaf cells in spite of the
high contact resistance with GaAs.5

The object study is to explore the influence of growth
conditions on film proberties toward producing thin films of GaAs
on molybdenum which satisfy the requirements for high efficiency
solar cells, and to study the microstructural and electrical properties
of the deposited films. The depositions of GaAs by chemical vapor

deposition (CVD) using the system Ga(CH3)3 (TMG)/ASH3/H2 is described.
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To date, this method of preparation appears to be most attractive for the

largé scale fabrication of solar cells.2 *

C. Experimental

Apparatus - The experimental apparatus for chémica1v§apor deposition

studies consisted of a stainless steel and pyrex flowmetering system

and a water—cooled, 5.1 cm OD vertical reaction tube 30 cm in 1éngth.
Metal substrates were supported on a 2.5 cm diameter pyrolytic graphite
disk susceptor which was inductively heatea. The TMG was contained in a
pyrei and stainless steel sparging tube cooled to 0°C through which a
meterea flow of H2 was passed. The hydrogen carrier gas was purified
by a Matheson Model 8362 purifier before mixing with metered quantities

of AsH,, TMG and dopant gases. in a pyrex mixing vessel. The flow-

3>
_metering syétem contained connections for evacuating the system, purging
with helium or hydrogen, and for bypassing the reactor to vent. A
/séhematic of the growth appafatus is shown in Fig. 1.

Materials - The reégent materials used in this study were electronic
grade TMG obtained frqm Ventron, pure arsihé and dopant gas mixtures
obtained from Matheson Gas Products. |

The pyrolytic graphite sﬁsceptor, obtained from Poco Graphitgﬁ
were specially treated with high—-temperature HCl in order to remove
metallic contaminants. Metal substrates used in deposition studies were
1.5 mm thick plate with a purity of >99.95%. The grain size of surface

grains was approximately 5 um, elongated slightly in the rplling'

direction.
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Procedure -~ The metal substrate and the graphite 5usce§tor were
thoroughly‘degreased by boiling for 10 min. each in perchoroethylene,
acetone, methanol and isopropyl alcohol. Samples were then chemically
polished.in a 6:2:1 mixture of lactic:nitricthydrofluoric acids.
Immediately before the deposition, a final cleaning with a dichloro-
difluomethane gas stream was applied. The susceptbr and sample were -
then placed in the reaction tube which was successiﬁely purged with
hélium and then hydrogen. A total flowrate of 1 liter/min was used
in'ekperimental runs.

At the end of helium and hydrogen purge periods, the sample and
suséeptor were annealed as about 1000°C for 10 min. in hydrogen to
reduce possible oxydes at the surface of molybdenum. This process
also allowed desorption of gases from the graphite susceptor.

Then the temperature waé reduced to the deposition temperature and the
flows of arsine dopant gas and TMG were sequentially started. At the
end of the deposition process, the flow of TMG and HZS were étopped and
the temperature reduced to about 350°C. The arsine flow was then stopped
aﬁd the system allowed to cool under hydrogen_to room temperature. -

The substrate was finally removed after a helium purge.

The coﬁcentraﬁioﬁ of TMC in the input gas was calculated on the
.vassumption that equilibrium was reached at all times in the TMGvsaturatof.
The saturator was designed.to maximize the contacting Between the gas
and liquid phases. Raoﬁlt's law was assumed to be a valid descripfion
of the H.—TMG equilibrium. The vapor pressure of TMG at 0°C was taken

2
from the literature to be 8.60 kPa (64.5 Torr).
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D. - Results

The chemically vapor deposited GaAs films were studied to determine
the effect of growth conditions, such as substrate temperature, reactant
mole fractions and HZS dopant poncentrétion, on the microstructure and
electrical properties of the films. In.most experiments, the deposition
time was adjusted to produce GaAs films with thickness between 1 and 5 um,
while in other experiments film with thickness between 10 and 30 pm
were produced to explore the dependence of grain size on film thickngss.

All films were examined by scanning electron microscopy and X-ray dif-

fraction analysis to determine the microstructural information.

Microstructure of GaAs Films on Mo

X~ray diffréction analysis showed that the GaAs films deposited
on chemically polished Mo sheet substrates were randomly oriented with
a préferred (220) orientation parallel.to the substrate. All GaAs films
were polycrystalline with grain size in the range from 1 to SYhm,
depending on the growth condition.

The grain size depéndence on film thickness was investigated by
sectioning and etching'thick GaAé films on Mo. Sémples.were cut with
a diamond saw, polished to 1 um diamond paste, and etched in a solution )
of 1% bromine in methanol. A scanning electron micrograph(of the cross
section of a 30 um GaAs layer deposited at 800°C with the TMG mole

fraction, = 0.0017, and arsenic to gallium input ratio, As/Ga = 24

Y 1M
is shown in Fig. 2. The substrate interface can be seen at the bottom

of the figure. The average grain size at the Mo substrate is approxi-

mately 1.5 um. With increasing distance from the substrate, the grain
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size increases, so that at the top surface of the film, grains larger
" than &4 Hm in diameter are found. There is an absence of a colummar
structure in the film, indicating continuous nucleation of new GaAs
grains on the growing surface.

Effect of Substrate Temperature

The effect of éubstrate temperature on the film properties was
investigated within the range from 600 to 950°C. A comparison of the
‘surfaces of aﬁproximately 5 pm thick films deposited at different sub;

" strate temperatures is shown in Fig. 3. The figgre shows that the grain
diaﬁéter increases with substrate temperature from less than 1 um at
600°C to up to 5 um at 875°C. At very high substrate temperature,
above 950°C, molybdenum was observed to react with aréine.'”Fngré 3 ‘
shows that in films deposited at this temperature reaction.products
have formed on the surface. The cqmpound MoAs, has been identified
in the film by analysis of X-ray diffraction patterns.

The increasing size of GaAs crysﬁallites'with increasing substrate
teﬁperature is probably the result of a lower stability of critical
nﬁclei at the higher substrate temperature, and to.higher surface

‘diffusion rate causing increased subgrain coalescence at ;he higher
growth temperatures.

A practical temperature range which appears suitable for preparation
of films for solar cells is 700°C < T < 875°C. | |

Effect of TMG Mole Fraction

Figure 4 shows the effect of GaAs growth at different concentra-

tions of TMG in the hydrogen carrier gas, for a substrate temperature
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of 800°C. Higher concentrations of TMG were found to produce larger
cfystallites, with a maximum grain size of 5-10 um at yTMG =~ 0.001. GaAs
layefs obtained at such high concentrations of TMG were nonuniform in
thickness and grains were irregular, with increased porosity in the GaAs
layer. Such a film structure could result in technological problems
bin_the processinngf solar cells. Thus, the optimum TMG fértial preSsure
range appears to‘be ffom 0.0004 to 0.001. |

Growth rates of GaAs on molybdenum were compared to rateé of growth -
on (100) GaAs substrates cut 2°‘toward the [010], under the same growth
conditions. In these experiments, GaAs layers were deposited.for_a
fixed period of 15min in separate runs using the same reactof conditionsi
for gro;th on (100) GaAs.7 The samples were then sectioned, and the
layer thickness measured by scanning electron microscopy. The results
are summarized in Table 1. These results show that the growth rates of
GaAs deposited on Mo at low TMG mole fractions (below 6X10_3)-are less
than the growth rates on (1005 CéAs, where as at much higher TMG mole
fraction, the growth rates are higher on Mo.

It has been shown in a previous work8 that the nﬁcleation rate of
GaAs on Mo is less dependent on thé concenfration'of TMG than is the
growth rate, 'and that nucleation occurs preferentially on sharb
angles of surface grains of the substrate. These effects suggest that
at low TMG mole fractions, the depositibn rates are smaller on Mo than
on (100) GaAs.as a consequence of the larger activation barrier fof
heterogeneous nucleation on the molybdenum surface. As a consequence
of the incubation'time for GaAs nuclei to form on'molybdenum,vthe

measured deposition rate should be smaller than the growth rate

[ [
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measured on GaAs for the same growth period. At higher TMG mole
fractions, the incubation time for nucleation on the molybdenum surface
should be shorter; once a surface layer of GaAs crystallites has formed,

growth occurs on a higher surface area than on (100) GaAs, and higher

deposition rates are obtained.

Effect of the Ga/As Ratio

- The molar ratio As/Ga, represeﬁting the ratio éf_the input flow
>rates'of AsH3 and Ga(CH3)3,_was obser&ed to héve an influence.éﬁ the
properties of the deposited GaAs films, due to two different growth
‘mechanism. At low As/Ga ratiés,’dendritic growth occurred iﬁ competition
with filmvgrowth as shown in Figs 5a aﬁd 5b. The GaAs film density
was found to increase as the.%s/Ga_ratio decfeased. At sufficiéntly
high As/Ga ratios, (above 25) dentrigic growth was suppressed.

The spherical caps seen at the extremity of the dendrites in
Fig. 5a and 5b have been identified by energy-dispersive X-ray analysis
to be nearly pure gallium. This suggests that the dendritic growth was
the result of a VLS (vapor—liquid-solid) mechanism, whereas film growth
was obtain by a VS (vapor-solid) growth mechanism.

The minimum As/Ga ratio under which dendritic gro&th occurred
was found to range from 12 to 30 depending oﬁ the growth conditions, and
particularlyvon the mole fraction of TMG and of the HZS dopant.
Variations in the microstructure of the mOlybdenﬁm substrate also
appears to influence the critical As/Ga ratio required for dendritic

t

growth.



—44—

Effect of H,S Dopant

2

Undopea GaAs samples were found to be n-type with a carrier con-
centration of about 5><1016 cm-3. This carrier concentrations was
deduced from voltage breakdown measurements without correction for the
presence of grain boﬁndaries. This relatively high doping level is
the consequence of diffusion of impurities contained in the substrate
and of the high ratio As/Ga during the growth.:

Samples intentionally doped by introducing HZS during the growth
were n—~type. Doping level were found to depend on the growth conditiéns
and to be significantly influenced by contamination from the substrate.
Higher deposition temperatures and slower depésition rates increased
the effeét of out—diffusion of impurities frqm‘the substrate, and thus
-produced higher carrier concentrations in the GaAs films. However,
in a set of experiments performed under the saﬁe growth conditions with
variation only in the flowrate of HZS’ the carfier concentrations were
found to vary linearly on a log-log scale with the concentration of
HZS oﬁer several orders of magnitude. These ;eéults show that doping
level in the GaAs film can be controllably set.

The introduction of HZS during the growth process was found to
have no significant influence on the morphological properties of the

films, for H,S mole fractions up to 2X10—4. This mole fraction was

2

an order of magnitude larger than the maximum mole fraction of HZSe

(about 3X10—5) which could be introduced under similar growth conditions

without affecting the microstructure of the GaAs films.9



QU uUdg06U077009

45

E. Conclusions

Pdlyctystalline’GaAs layers have been deposited on polycrystalline

molybdenum sheet by pyrolysis of Ga(CH3)3 and AsH for application to

3’
terrestrial solar cells. Characteristics of the growth process and
properties of deposited films were studied.

GaAs deposited on chemically polished molybdenﬁm sheet were
polycrystalline with, randomly oriented and randomly disposed grains
without a columnar structure, with grain size between 1 and 4 ym.

FHigher temperatures up to 875°C produced larger GaAs crystallites.
At higher temperaturév(above 950°C) , molybdenum énd'arsenié were found
to react to form MoA32 in the substrate.

Larger input concentrations of TMG produéed larger GaAs crystallites
but also a more roughened surface .of the deposi;ed fiim. At lower TMG-
concentrations, Gals growth rates on Mo substrate were smaller than on
(100) GaAs éubstrate because of an incubation time requirédvfor
nucieation, while at higher TMG concentration, the growth rates on Mo
were higher than on (100) GaAs.

The As/Ga molar ratio must be sufficiently large (12 to 30) to
stabilize lateral growth of surface crystallites.

The introduction of H,S during the growth process was found to have

2
no significant influence on the morphology of the GaAs film deposited,

for TMG mole fractions below 2X10—4. GaAs films grown with H,S are

2

n-type, and the carrier concentration varies linearly with the partial

pressure of HZS on a log-log scale.
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Table 1. Comparison of GaAs Deposition Rates on Mo and (100) GaAs at

800°c.” :

Input Ga(CH3)3 mole fraction X 103 Deposition Rate, um/s(um/min)
Mo Substrate (100) GaAs Substrate

0.41 . 0.0042(0.25) 0.0068(0.41)

0.87 0.0223(1.34) 0.0145(0.87)

1.72 0.0633(3.80) 0.0290(1.74)

*
Experimental conditions:

H2 flow rate: 16.7 cm3/s (1 2/min)

ASH3/Ga(CH3)3 ratio = 24
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Fig. 2.
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Scanning electron micrograph of the mechanically
polished and chemically etched cross section of GaAs
deposited on molybdenum at 800°C with Youg = 0.0017,
and As/Ga = 24.
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Fig. 3. Scanning electron micrograph of GaAs layers deposited on

molybdenum at different substrate temperatures.

time was 15 min, As/Ga = 24, and Y4 g + 1.6x107°,
i

(a) 600°c, (b) 700°C, (c) 875°C, (d) 950°cC.

The growth
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Fig. 4. Scanning electron micrograph of GaAs layer deposited on
molybdenum different TMG mole fractions. The deposition was
carried out at 800°C for As/Ga = 32, and Vg g ™ 1.6x1072.

2
The TMG mole fractions and growth times. are:
{a) 0.018, 30 min; (b) 0.041, 15 min; (c) 0.087, 15 min;
(d) 0.17,:5 min,



Figs 5,

“EoE

XBB-769-8374

‘Scanning electron micrograph of GaAs films deposited on

molybdenum, with different As/ga ratios. Deposition conditions
are Tg = 800°C, yqyg = 4.1x107%, ¥, & 2.2x10->. The As/Ga

ratios and deposition times are: (a) 12, 6.8 min; (b) 24,
10 min; (c) 29, 15 min.



V. PREPARATION OF SCHOTTKY-BARRIER SOLAR CELLS FROM
POLYCRYSTALLINE GaAs ON MOLYBDENUM

Polycrystalline GaAs Schottky-barrier solar cells have been
prepared by chemical vapor deposition of a 4 um thick layer of n-type
' GaAs from an organométallic source onto.metallurgical—grade molybdenum,
and by sputter deposition of gold.v The open-cifcuit voltage of the
device is 0.34 V. The short—-circuit current density of 3.7 mA/cm2 is
low because of a high series resistance. The equivalent AMl efficiency

is 1.3% with an anti-reflection coating.

Solar cells generating electricity directly from sunlight are a
promising future energy source for terrestrial application. Of the
semiconducting materials suitable for solar cells, GaAs is currently
one of the most promising1 because ité 1.4 eV band gap lies close to
the value yielding maximum photoﬁoltaic conversion efficiency fqr the
solar spectrum, and because the majority of the incident Suniight is
absorbed in a thin (2-4 um) 1ayer. Also, GaAs solar cells have been
shown to operate at elevated temperatures without an importaﬁt redugtion
of éfficiency.2 |

Single crystal cells have élready been ﬁrepared using this
compoundl—3 and efficiency up to 21% have been achieved.2 Nevertheless,
such single crystal cells remain economically unattractive for

. . . 2 . ' , R
terrestrial application, mainly because of the current high price
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of Ga. A way to reduce the cost significantly is to use a thin,
poly¢rystalline film of GaAs deposited on a low-cost substrate, such
as graphite or.metal, |

Some recent work4’5 haé éhown that for columnar grains of a few
microns in diameter, the grain boundaries would only moderately affect
the'performances of the resulting cell. The preéent work is an
extension of previous ﬁork by the authbrs6f8 directed at obtaining thin
GaAs films with fhe required pfoperties for photovoltaic device
application. A number of Schottky barrier cells have been prepared
' frqm thin films grown by the technique referenced above, and their
properties are reported here.

GaAs was déposited by chemical vapdr deposition from trimethyl
gallium and arsine in a hydrogen carrier gas onto molybdenum sheet.
_'MEtallurgical gradé (99.9%) molybdenum sheet 1.5 mm thick was used
as the substrate. Prior to GaAs deposition, the metal was chemically
polished in a 6:2:1 mixture of nitric:1actic:hydrof1uoric acid. The
substrate was then degreased and placed on a graphite susceptor in a
vertical, rf heated reactor. GaAs was deposited at 0.4 pm/min at 750°C.
Samples grown were intentionally doped with S obtained by introducing
é flow of HZS during the growﬁh periﬁd. .Resulting films were n~type
with carrier concentration of about 1017 cd—3. |

Prior to the barrier formation, the sample was rinsed in hot
trichloroethylene and acetone, then etched in a 1% bromine methanol
solution, theﬁ rinsed, dried and quickly placed in a dec sﬁuttering

chamber. A 99.99% gold barrier about 100 A thick.was formed by



sputtering through a metallic mask at room témperature. A gold grid
about 1000 A thick was then sputtered through another metal mask. |
The grid consistedbéf fingers 0.5 mm wide and separated from each
other by 2.8 mm; The grid fingers were connected together by a
perpendicular iine 1.3 mm wide. Aluminum wires were'bénded to the
gold contacts and to the molybdenum substrate with silver paint.

A schematic diagram of the cell is shown in Fig. 1. Scanning
electron microscopy of chemically vapor deposiﬁed films on molybdenum
showed that the polycrystalline layér differed from the ideal structure
shown in Fig. lé, and contained surface defécté, as depicted in Fig. 1b.
A scanning electron micfograph of an as—deposited 3.7 um thick GaAs
film is shown in Fig. 2.

The spectral response of a completed cell is shown in Fig. 3.

The magnitude of the photocurrent response has  been arbitarily
normélized to unity. The reSpénse is very similar to that obtained
with p-n functions, and thé value of the.band—gap deduced from this
cur§e is equal to the literature ?alpe of i.4 eV.

The forward—biased,idark voltage—current characteristics obtained
at room temperature are shown in Fig. 4. The:dark curfent for a

Schottky-barrier diode can be wfitten in the form,4
J = J exp ("(L‘L - 1] | (1)
o) " \nkT :

where the saturation current density Jo is related to the barrier height

by
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' kK D 9%,
Jo = A T exp (— kT> | | (2)

where A** ié the modified Richardson constant. The value of n deduced
from Fig; 4 is 14.3._ GaAs solar cells usually exhibit values of n near 1,
but highér values have already been reportedg’10 and could be a
consequence of tunneling currents4 due to a high doping level or, more
lik;ly, of a low shunt résistance.

The barrier height, ¢b, deduced from the V-I characteristics.was
found fo be 0.51 eV, with the modified Richardson constant A** iakenlz
to be‘4.4 A/(cm2°K2). The discrepancy in this value of the barrier
height from the 1iterature'value,4 [0.90 V], can be due to small
regions with low barrier height on the contact surface,13 or to errofs
inherent in.evaluating ¢b from the V-1 characteristics.

The current-voltage response of the cell under_é 100 mW/cm2 of

‘water filter tungsten illumination is shown in Fig. 5. The low open
circuit voltage; Voc = 0.34 Vv, is probably‘due to a shuntrresiStance
evaluated from Fig. 4 to be 100 Q/cmz. As mentioned in preﬁious works

7,

by the authors their films of CVD deposited GaAs preserve the mechani-
cal defects of fhe substrate. Therefore, in 3-4 um thick films,_there.
mayvremain some zonesvnot completely covered by GaAs; thé resulfing
poresrcan create the shunt resistance when gold surface contacts are
applied. |

The low value of the short.circuit éurfent, 3.7 mA/cmz,. and the

general shape of the I-V curve suggest a high series resistance of

about 70 Q/cmz, most probably due to a high contact resistance of the
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MoYGaAs interface. An n+—GaAs layer between the Mo and the n~éaAs
film'coula reduce the contact resistance.

The maximum output power obtained from the present célls is
0;67 mW/cm2 which corresponds to an AMl efficiency of 0.67% and a
fill factor of 35%4. The cell efficiency correctea for a surface
reflection loss of 507 by an anti-reflection coating is 1.3%.

A factor which contributes to the low value éf the conversion
efficiency in the present cells is the wide spacing of the fingers
in the grid pattern. Although the surface film of gold which constitutes
the barrier was kept voluntarily thin (100 A) to minimize the amount
of light reflected, the rough surface topography of the GaAs film
created gold accumulations of much more than 100 A as wéll as gold-free
zones. Thus, the only part of the cell which contributes to current
generated is located in the immediate vicinity of the grid. The cell
efficiency cOuld therefore be increased greatly by establishing CVD
conditions favoring lateral growth of GaAs crystallites, and a smooth
upper surface.

Polycrystalline, Gads, Sghottky—b;rrier solar cells fabricated
by the chemical vapor deposition of GaAs from an organometallic source
onto Mo sheet have been successfully produced with an efficiency of
1.3%. The photovoltaic conversion efficiency with 4 ym thick GaAs
films remaihs low due mainly to a high GaAs/Mo interfacial resistance
of abéut.70 Q/cmz, and by shunt resistance of about 100 Q/cm2 created
by gold shorts through pores in the GaAs film. The conversion efficieﬁty

could be increased significantly by the elimination of these problems.
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FIGURE CAPTIONS

Fig. 1. Schematic cross-section of Schottky—barrier'solar cells:
(a) ideal polycrystalline structure; |
(b) actual structure showing structural defects.

Fig. 2. Scanning electron micrograph of chemicall& vapor deposited

| GaAs on molybdenum.

Fig. 3. Spectral response of the Au/n—GaAs/Mb solar cell.

Fig. 4. Forward-biased, dark V~-I chafacteristics of the Au/n-GaAs/Mo
solar cell..

Fig. 5. V-I characteristics of the Au/h—GaAs/Mo solar cell under water-

filtered 100 m.W/cm2 tungsten illumination.
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] +=— Au Grid, 1000 A
—Au, I00A

W//r—n-GoAs~4,um

<«— Mo, 1.5 mm

(a)

(b)

'XBL 7610 7670

Fig. 1. Schematic cross-section of Schottky-barrier solar cells:
{a) 1ideal polycrystalline structure;
(b) actual structure showing structural defects.
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XBB 7610-9746

Fig. 2. Scanning electron micrograph of chemically vapor deposited
GaAs on molybdenum.
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Fig. 3. Spectral response of the Au/n-GaAs/Mo solar cell.
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Fig. 4. Forward-biased, dark V-I characteristics of the Au/n-GaAs/Mo
solar cell. '
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Fig. 5. V-I characteristics of the Au/n-GaAs/Mo solar cell under
water-filtered 100 mW/cm? tungsten illumination.
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IV. CONCLUSIONS

In an attempt to prepare thin film solar cells for terrestrial
application, GaAS’has been deposited experimentally.on different
substrates by chemical vapor depésition using organometallic. trimethyl | .
gallium. A review of the properties of the deposited filmsiwith respect
to the nature of the substrate has shown that graphite and molybdenum
are suitable materials for this application. The study of fhe influence
of growth conditions (substrate temperature, concentration of reactants,
concentration of doping gas) on the microstrpcturél properties of
depdsited layers of GaAs on graphife and Mo has yielded a determination
of the‘optimum coﬁditions.of deposition for preparatién of solar cells
with each substrate material. | |

Solar cells prepared with graphite-always.exhibited very 16w short -
cifcuiﬁ current, because of a high series resistance. 'Bettéf resu1ts
were obtained with Schottky barrier solar cells cbnsisting of a Au/n—-GaAs
layer deposited on Mo. Efficiencies of 1.3% under equivalent AML solar
illumination have been achieved for a 1 cm2 area cell. This efficiency
remains low because of a low shunt resistance and a high series résistance‘ oo ?
in fabricated cells. However, the efficiency could be increased
significantly by raising the shunt resistance and, presumably ﬁofe, by

decreasing the series resistance.
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