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ABSTRACT

The epitaxial growth of AlGaAsSb and the component binary and
ternary alloys by organometallic vapor phase epitaxy (OM-VPE) is
reported. OM-VPE growth of the binary compounds, GaAs and GaSb, and
ternary compounds, AlGaAs, AlGaSb, AlAsSb, and GaAsSb, are discussed
with emphasis on the Sb-containing alloys. Growth parameters are
reviewed in some detail. It is noted that the growth temperatures and
ratio of input fluxes for the growth of Sb-rich alloys are considerably
different from the conditions for the growth of As-rich alloys. The
results from the study of the binary and ternary components are inte-
grated to grow the quaternary, Al1GaAsSb. The work has contributed
substantially to the exploration of III-V compound materials which
can be grown by OM-VPE.
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1. INTRODUCTION

The monolithic multijunction solar cell has been proposed as a way
of achieving high photovoltaic conversion efficiency from a single
device. The structure consists of low- and high-bandgap cells intercon-
nected by suitable shorted junctions. Several III-V material systems
encompass lattice constants and bandgaps suitable for the growth of
multijunction cells. At this point, no single quaternary is clearly
superior. However, AlGaAsSb is promising for a number of reasons.

Figure 1 shows the phase diagram for this quaternary, including bandgaps
and lattice constants. Several possible substrate materials are included
within the lattice constants spanned by the quaternary. The multijunction
device could be entirely grown lattice matched to InP or on a GaAs
substrate on which a graded GaAsSb layer had been deposited.

Theoretical aspects of the multijunction concept are well under-
stood, but the reduction to practice requikes the solving of many basic
materials problems. The work described below is directed toward solving
some of the basic materials problems associated with the AlGaAsSb qua-
ternary.

The multijunction solar cell puts stringent requirements on the
epitaxial technique used to grow the cell. The technique must be capable
of producing a complex multilayer structure containing several different
alloy compositions with different doping levels. Organometallic vapor
phase epitaxy (OM-VPE) is particularly well suited for the growth of the
multijunction monolithic solar cell. Work in our laboratories has shown
that OM-VPE is capable of producing epitaxial layers that are uniform in
thickness, alloy compositions and doping composition.(1) Different
alloys can be readily grown simply by adjusting the input fluxes. In
addition, very abrupt junctions can be produced by OM-VPE and the technique
is readily automated, which is an important consideration for any large-
scale production.



Al,Gay ,Asq  Sby,  300°K

6.058 A

Phase diagram for AlGaAsSb showing bandgap

1

Fig.

energies and lattice constants.



2. RESULTS AND DISCUSSION

The prime goal of this research was to learn how to grow the
Al1GaAsSb quaternary by OM-VPE. The approach adopted consisted of first
gathering data on the OM-VPE growth of the component binary and ternary
compounds. This data was then integrated to allow growth of the quater-
nary. The results are briefly summarized in the following sections.
Additional information is detailed in the papers concerning this work
(Appendix A).

2.1 GaAs

Excellent quality GaAs epitaxial layers have been grown in our

laboratories and also have been described by others.(2’3)

This impor-
tant semiconductor can be deposited over a wide range of temperatures
and parameters. A typical p-type dopant is Zn, with S and Se serving as
typical n-type dopants. The surfaces are generally uniform and free of

hillocks or other growth defects.
2.2 AlGaAs

This ternary has received considerable attention from OM-VPE

(4,5) Aluminum

researchers interested in opto-electronic applications.
is readily substituted for gallium by altering the input fluxes of tri-
methylaluminum (TMA1) and trimethylgallium (TMGa). Figure 2 illustrates
this linear relationship graphically. Ready control of alloy composi-
tion is an important feature of OM-VPE, as will be discussed in more
detail below. The electrical properties of OM-VPE-grown AlGaAs are
somewhat disappointing. It is thought that the addition of Al to the
crystal results in the gettering of impurities (perhaps oxygen and
water) from the OM-VPE system into the crystal. However, recent studies

(6)

indicate that this problem can probably be circumvented. The surface
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morphologies of AlGaAs layers are excellent over the entire range of the
alloy. Zinc and Se serve as suitable p-type and n-type dopants, res-
pectively.

2.3 GaSb

Previous work in our laboratory under Contract EY-76-C-03-1250
indicated that the growth conditions for GaSb are considerably different
from the corresponding As-containing alloy. Manasevit recently reported
preliminary results on the OM-VPE growth of GaSb, but he did not discuss
optimized growth parameters. The chief differences between GaAs and
GaSb growth are growth temperature and input flux ratios. Most arsenic-
containing semiconductors are grown with a Group V to Group III ratio
between 5 and 10. Gallium antimonide epitaxial layers must be grown
from a Group III rich vapor {Fig. 3). Superior surface morphology is
obtained for growth temperatures in the range 550° to 600°C (Fig. 4).

2.4 GaAsSb

The conditions used for GaSb and GaAs growths were integrated to
grow GaAsSb. Epitaxial growth was studied starting from both the As-
rich (on GaAs substrates) and Sb-rich (on InAs substrates) sides of the
phase diagram (Fig. 1). The surface morphology of the layers is, in
general, quite good considering the lattice mismatch between the substrate
and final epitaxial composition (Figs. 5 and 6).

The relationship between Sb content in the solid and the trimethyl-
antimony (TMSb) to total Group V input ratio is illustrated in Fig. 6.
It was not possible to grow epitaxial layers with Sb.content between
0.26 and 0.62, as determined by X-ray diffraction. This region may
correspond to the miscibility gap which has been discussed for 3b systems.(7’8)

It should be noted that growth of GaAsSb layers by molecular beam epitaxy
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InAs
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Fig. 4 Surface and cross-section of
OM-VPE-grown GaSb epitaxial
layer on an InAs substrate.
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Fig. 5  Surface and cross-section of OM-VPE-
grown GaAs 74Sb 26 epitaxial layer
on a GaAs substrate.
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within this composition region has been reported.(g) It is possible

that the difficulty in growing in this region may be due to Tattice-
mismatch problems. Both GaAs and InAs substrates are sufficiently
different in lattice constant from GaAs.SSb.5 that growth problems might
occur. For example, a GaAsSb layer was grown in the OM-VPE reactor

which exhibited good surface morphology. It was not possible to deter-
mine the composition by X-ray diffraction, but electron-beam microprobe
results showed that the Sb content was approximately 0.4. It was possible
to start with a GaAs substrate and, through a crude step-grading sequence,
to grow several GaAsSb layers of increasing Sb concentration and end
growth with a GaSb layer.

Experiments were conducted with InP substrates which have a lattice
constant corresponding to GaAs’45$b.55., Growth of a GaAsSb layer lattice
matched to a substrate should help solve the miscibility gap problem.
This work was commenced near the end of the contract and, owing to the
difficulty in stabilizing InP substrates in the organometallic system,
it was not possible to grow the lattice-matched GaAsSb layers on InP.

The GaAsSb layers discussed above were grown with AsH3 as the
arsenic source. Experiments were conducted using an alternate As source,
trimethylarsine (TMAs). In general, it was noted that the surface
morphology and composition were nearly the same regardless of the parent
As compound.

2.5 AlAsSb

This ternary compound was investigated in a few experiments. Owing
to the high Al content, the wafers were handled in a nitrogen-filled
glove box and kept in an inert atmosphere until the analysis was per-
formed. As expected, the growths were similar to the corresponding
GaAsSb layers, although growth parameters were not optimized for good
surface morphology.

10



Lt

‘aseyd seb sy3 ui sjuejoeas A dnodg | 2307 03 ASWL 30 OL}ed

L by

3yl pu® PLLOS 8yl 40 U33UQD qSeY Y3 usam3aq drysuorje|ay

PERCENT 6aSb IN CRYSTAL

8.6

0.4

8.2

8.0

6aAsSb SOLID VS 6AS PHASE COMPOSITION

L) L

ORGANOMETALLIC VPE

GROWTH TEMPERATURE = 668 C

RATIO TMGa/TOTAL SROUP V = 8.5

'S 'l

RATIO TM6a/TOTAL GROUP V = 2.9

8.2

8.4 0.6
INPUT RATIO TMSb/TOTAL GROUP V

0.8




2.6 AlgaSb

The AlGaSb ternary was studied in some detail. A1l growths were
done on InAs substrates; as in the case of other Sb-rich materials, it
was necessary to grow from a Group III-rich vapor. Typical surface
morphology is illustrated in Fig. 8. The relationship between the Al1Sb
content of the crystal and the ratio of the TMAT to total Group III
input flux is illustrated in Fig. 9. The linear relationship was
expected, based on the results for AlGaAs discussed earlier.

2.7 AlGaAsSb

A series of experiments was conducted on the quaternary compound.
Background data collected on the composite binary and ternary systems
proved to be useful. It was possible to predict the growth parameters
and composition of the quaternary based on this data. Table I lists the
compositions of some representative AlGaAsSb epitaxial layers, as deter-
mined by electron-beam microprobe analyses. The surface morphology was,
in general, very good as illustrated in Fig. 10.

Figure 11 shows the relationship between the Al content of the
crystal and the ratio of the TMAl to total Group III input for the
quaternary. As expected, a linear relationship is observed. This is a
key feature for the growth of a multijunction solar cell in the AlGaAsSb
system. The lattice constant is primarily determined by the As/Sb ratio
(Fig. 1), whereas the bandgap is for the most part controlled by the
Al1/Ga ratio (Fig. 1). This means that once the layer composition has
been graded to an appropriate GaAsSb concentration, then the required
bandgaps for the high- and low-gap cell can be spanned simply by reguia-
ting the TMA1 and TMGa input fluxes.

It should be noted that this work resulted in the first reported

growth of the AlGaAsSb quaternary by OM-VPE. Furthermore, it represents
only the second report of any quaternary grown by OM-VPE.

12
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Table I

Electron Microprobe Analysis of Al1GaAsSb Epitaxial Layers

Sample 51& Ga]-x Asy Sb]_
1 33 .65 75 25
2 40 .61 77 23
3 63 .39 76 23
4 72 .29 82 16

*
Owing to some uncertainties in the microprobe results, atomic fractions
may not add exactly to unity.
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3. SUGGESTIONS FOR FUTURE RESEARCH

This work has contributed substantially to exploration of III-V
compound materials which can be grown by OM-VPE. Some aspects of the
basic properties of OM-VPE grown AlGaAsSb, however, were not addressed.
Background doping of the quaternary should be examined and suitable
intentional p- and n-type dopants must be identified. Since the material
contains aluminum, some of the problems encountered with AlGaAs (Sec.
2.2) are expected for the quaternary. Research should be conducted
which is directed toward evaluating and improving the electrical quality
of Al-containing materials.

The most likely substrate for the multijunction solar cell is GaAs,
owing to low cost and ready availability. To use this substrate,
however, it is necessary to grow a graded GaAsSb layer with a final Sb
composition around 0.17 (Fig. 1). Therefore, it would be worthwhile to
undertake a study to examine various grading schemes to produce good-
quality GaAsSb buffer layers. An evaluation of the grading schemes
should include junction performance.

An alternative to the grading discussed above is to grow the entire
structure lattice matched to InP substrates. A drawback to this approach
is the relatively high cost of the substrates. Some work under this
contract was directed toward growths on InP, but a suitable stabiliza-
tion of the InP substrates in the OM-VPE reactor was not worked out.

The InP substrates are lattice matched to a GaAsSb composition in the
middle of the so-called miscibility gap. The importance of a demonstra-
tion of GaAsSb growth lattice matched to InP is obvious.

Most of the OM-VPE literature reports the results of empirical

experiments. Very 1ittle is known about the chemistry which occurs in
the reactor. Studies to address this area would be extremely valuable

18



for understanding current processes, for problem solving, and for the
design of new systems. The probing of the gas stream by mass spectro-
metry is probably the best technique to study the chemistry of the OM-

VPE reactor.

The final goal of this research is to gain sufficient experience
with the A1GaAsSb quaternary (and other OM-VPE materials) to enable the
growth of the multijunction monolithic solar cell. Research directed

toward this final goal should be pursued.

19
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THE ORGANOMETALLIC VPE GROWTH OF GaSb AND GaAsSb USING TRIMETHYLANTIMONY*

C. B. Cooper III, R. R. Saxena and M. J. Ludowise
Varian Associates, Inc.

Corporate Solid State Laboratory
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ABSTRACT

The organometallic vapor phase epitaxial (OM-VPE) growth of GaSb
and GaAs]_bex (0 < x< .26, .4 <x 1) is discussed. In both cases,
trimethylgallium and trimethylantimony are used as the Ga and Sb source,
respectively. Most GaAsSb growths are done using arsine, but the use of
an alternate arsenic source, trimethylarsenic, is also reviewed. 1In
contrast to most arsenic-containing alloys, both GaSb and Sb-rich GaAsSb
is grown under Group III-rich conditions. The total input flux as well
as the ratio of the input chemicals must be closely regulated. In
particular, growth of GaAsSb requires careful control of the trimethyl-
antimony-to-total Group V ratiec, since arsenic preferentiaily incorpo-

rates into the crystal.

*
This work was supported by DOE through the Division of Materials
Science Branch of the Office of Basic Energy Sciences under Contract No.

DE-AC03-79SF10610.



Introductien

Organometallic vapor phase epitaxy (OM-VPE) is becoming an increas-
ingly popular technique for the growth of III-V semiconducting compounds.(])
This interest results from the advantages afforded by OM-VPE as compared
to alternate epitaxial techniques. Among these are the growth of a wide
range of materials in a single reactor, growth uniformity, both in terms
of surface morphology as well as doping and compositiona]-uniformity,
the capability of producing multilayer structures and the ease with
which the technique can be scaled up and automated. In addition, some
alloys which are difficult to grow by other techniques can be readily
grown by OM-VPE.(Z)

As part of our interest in III-V materials for photovoltaic appli-
cations, we have investigated the growth of GaSb and GaAsSb by OM-VPE.
Manasevit recently reported preliminary results on the grthh of GaSb
%rom trimethylgallium and trimethy]antimony.(3) We have studied the
growth of GaSb on InAs substrates in detail and report the results
'Below. In addition, we have substantially extended our préVious work on
the growth of GaAsSb.(4) Data is now available for a wider range of
ternary compositions, as well as for the growth of the ternary from all

methyl precursors.



Experimental

Epitaxial layers are grown in a horizontal rf induction-heated
reactor similar to that described by Bass.(s) Trimethylgallium (TMGa)
is used as the Ga source (Alfa) and Group V sources are AsH (10% in H2,
Phoenix Research), trimethylarsenic (TMAs) (Alfa and Strem Chemicals)
and trimethylantimony (TMSb) (Alfa). Palladium-diffused H2 is used as
the carrier gas and normally is at a flow rate of 9 sipm. The substrates

are single-crystal GaAs (Sn-doped) or single-crystal InAs (Sn-doped),
both oriented 2° toward (110) from the (100) plane.

Optimum growth parameters are discussed in detail below. However,
most growths of GaSb and GaAsSb are made at a temperature of 600°C with

gas phase mole fractions on the order of 1073,

Both GaAs and InAs substrates are stabilized under an arsine flow
until the growth temperature is reached. GaSb growths are made directly
on the InAs substrates by stopping the AsH3 flow when the Ga and Sb
sources are introduced. Growth of the ternary compounds are first begun
with a thin GaAs (on GaAs substrates) or GaSb (on InAs substrates) layer to
initiate nucleation. The appropriate III and V reactants are then

/introduced into the reactor to grow the ternary of interest.

Analysis of the epitaxial techniques is by several methods.

Optical microscopy is used to examine surface morphology and cleaved

ro



cross sections of the wafers. Photoluminescence spectra are recorded
for some of the layers. X-ray diffraction is used to verify the single-
crystal nature of the GaSb layers. Composition of the GaAsSb growths

is checked by electron beam microprobe analyses and by X-ray diffraction.

Results and Discussion

The binary compounds GaAs and GaSb are examined as a reference
point for the GaAsSb work. The growth of GaAs by OM-VPE is well charac-
terized in our laboratories and the laboratories of others.(s’e) Gallium
antimonide, however, is less well characterized. Manasevit recently
reported some preliminary results of GaSb growth on a variety of sub-
strates, but he did not discuss optimized growth parameters.(3) This
and earlier work demonstrated that the growth conditions are considerably
different from those for GaAs.(4) We detail here our results of OM-VPE

growth of GaSb epitaxial layers on InAs substrates.

Figure 1 shows a plot of the growth rate versus the TMGa-to-
TMSb input ratio. Good quality single-crystal layers are grown from a
slightly Group I1II rich gas phase (TMGa-to-TMSb ratio between 1 and 3).
This is in contrast with most arsenic-containing alloys which are grown

2)

from Group V rich gas streams.( Since both elemental Ga and Sb have



negligible vapor pressures(7) at the growth temperatures, any elements
which are deposited on the wafer must be incorporated into the layer if
crystal quality is to be maintained. This is readily evident in the
growths. Droplets and needles are noted cn the wafers if the gas phase
ratios are not carefully controlled. In addition, surface morphology
deteriorates if the total input of the reactants is too high. The OM-
VPE growth of single-crystalline GaSb on InAs takes place in a much

(8)

narrower range of conditions than some other III-V alloys.

Figure 2 shows the relationship between the growth rate and
substrate temperature for GaSb growths from a gas phase consisting of a
2:1 TMGa-to-TMSb ratio. Reasonable surface morphology is noted for
substrate temperatures between 550 and 600°C, but the optimum tempera-
ture is at the high end of this range. Figure 3 shows a surface and
cross section of GaSb on an InAs substrate. The layer was grown at
600°C from a gas phase containing TMGa and TMSb partial pressures of 2.6

-5

x 10 ¥ and 1.3 x 10'5, respectively. Under these conditions, the

growth rate is on the order of 0.036 um/min.
GaAsSb
The parameters determined for GaSb and GaAs growths are utilized

as a basis for GaAsSb growths. The ternary was first grown from TMGa,

AsH3 and TMSb, and subsequently TMAs was substituted for the As source.



Epitaxial growth is studied starting from both the As-rich (on GaAs

substrates) and Sb-rich (InAs substrates) sides of the phase diagram.

Figure 4 shows a plot of GaSb content of the crystal versus the
TMSb-to-total Group V ratio for layers deposited on GaAs substrates.
Growths are started with a thin GaAs layer to nucleate growth, followed
by a crude step grading of thin layers to the final constant composition
GaAsSb layer. Typical grading steps for a GaAs1_bex (x = .26) epitaxial
layer include layers with x = 0, 0.04, and 0.15. Total epitaxial thick-
ness was typically on the order of a few microns. The best surface
morphology is obtained with TMGa/[total Group V] = 0.5. Typical partial

-5 and 2.6,x 10'5 for TMGa and

pressures in the gas stream are 1.3 x 10
total Group V, respectively. As illustrated in Fig. 4, As is pre-
ferentially incorporated over Sb. Under the conditions used in these
experiments, the maximum Sb content verified by X-ray diffraction was
26%. Microprobe data on an additional layer of good surface morphology
indicates that the epitaxial layer contains 40% Sb. Typical growth
rates are on the order of 0.03 to 0.04 u/min. Photoluminescence spectra
were recorded for several of the wafers. The composition ca1cu]ated(9)
from this data generally shows a higher Sb content than that indicated
by the X-ray diffraction data. Figure 5 illustrates the surface and
cross section of a GaAs.me.26 layer deposited on a GaAs substrate.

The cross-hatch pattern typical of lattice-matched layers is clearly

(10)

evident. Hall data on a GaAs 74Sb 26 layer deposited on Cr-doped

GaAs substrate indicated a background doping on the order of 3.7 x

16 -3

10 "cm™” p-type with an associated 300°K mobility of 1500 cmz/v-sec.



A similar set of experiments was also conducted starting from the
GaSb-rich end of the phase diagram. Growths are started with the depo-
sition of a thin GaSb layer on the InAs substrate. This is followed
by a crude step grading to the final composition. Typical steps for

GaAs be (x = .46) are x = 1.0, 0.86, 0.78, 0.73, and 0.67 with a

1-x
TMGa-to-total Group V ratio of 2.0. Figure 6 shows the results of
these experiments. Again, it was possible to grow layers spanning
only a limited composition range. The highest As content verified
by X-ray diffraction was for a layer with the composition GaAs.36Sb.64.
As with the layers grown from the GaAs-rich side of the phase diagram,
growth rates are on the order of 0.04 um.

It is possible to start with a GaAs substrate and, through a crude
step-grading sequence, to grow several layers of GaAsSb with increasing
Sb concentration and end growth with a GaSb layer. The experiment was

also performed starting with a GaSb substrate and ending up with a GaAs

layer.

In addition to the growths described using AsH3 as the As source,
a series of growths were made with TMAs as the As source. In general,
it was noted that the surface morphology and composition were very

similar, regardless of whether arsine or TMAs was used.



Conclusions

There has been discussion in the literature regarding the existance

of a miscibility gap in the GaAsSb system.(]]’]z)

As described above,
it was not possible to grow epitaxial layers with Sb content between
0.26 and 0.64, as verified by X-ray diffraction. Similar results have

(13)

been noted for GaAsSb growths by halogen VPE. However, there is

a report of the growth of GaAsSb epitaxial layers within the so-called

miscibility gap by molecular beam epitaxy.(14)

In the case of OM-VPE,
it is not clear whether factors might be responsible for the lack of
X-ray-verified GaAs]_beX (.26 < x £ .64) layers. The lattice mismatch
that occurs between GaAs or InAs substrates and GaAs1_bex (.26 € x s
.64) layers may result in deterioration of epitaxial qua]ity.(15)
Support for this position is provided by the good-quality GaAs‘ESb_4
layer (by electron beam microprobe) which could not be verified by X-ray
diffraction. Additional experiments are in progress to determine if

single-crystal GaAsSb layers can be grown across the entire composition

range by OM-VPE.
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Relationship between the growth rate and the TMGa/TMSb ratio
for OM-VPE-grown GaSb.

Graph showing the relationship between growth rate and sub-
strate temperature for OM-VPE-grown GaSbh.

Surface and cross-section of GaSb epitaxial layer on InAs
substrate.

Precent GaSb in the solid as a function of the TMSb-to-total
Group V input for OM-VPE-grown GaAsSb on GaAs substrates.

Surface and cross-section of OM-VPE-grown GaAs 74Sb g ON
GaAs substrate.

Percent GaSb in the solid as a function of the TMSb-to-total
Group V input for OM-VPE-grown GaAsSb on InAs substrates.
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MULTIGAP SCLAR CELL DREQUIREMENTS AND TUHUE DPERFOPMANCE OF
AlGads AND S. ,:LLC Za CONCINTRATED SCULIGET

R. L. Moon, L. W. James, H. A. Vander Plas
T. O. Yep, G. A. Antypas and Y. Chai

Varian Asscciates, Inc.
Palo Alto, CA 94303

ABSTRACT Attainment of such efficiencies at
high concentration aprears to be possible
Multigap solar cells are capable of only when mor2 than a single junction
operating in concentrated sunlight with device is used Although eificisncies
efficiencies »30%, If only two bandgaps greater than 25% can be obtained for mod-
are considered, their ootimum values are erate concengrat$yns, realistic rmedeling
1.1 eV and 1.65 eV. Within this cnergy that includes most of the pertinent cell
range §i and Al-Ga-column V alloys are parameters and that has been experimentally
possible materials and their relative confirmed, places the maximum efiiciency
merits are discussed. Experimentally, on AlGaAs/GaAs solar cells at 243% for 1000
Al _Ga,__As for X <0.24 and Si have been suns at AM2 (9). The two major energy
tested Individually and in combiration loss mechanisms ard their amount ars dster-
with 3 spectral splitting filter. 1In mined by a single parameter: the solar
combination a total sfiiciency o 28.5% cell bandgap; photons with ensrgies below
including the £filter has bheen observed bandgap are transnitted and simply lost
at 165 aM 1.23 suns. For an ideal while those with higher energies are ab-
£ilter this corresponds to 31% combined sorbed, but dLSSLp,_a any exca2ss enargy
cell efficiency. . above bandgap in the form of heat (10).

Splitting the solar spectrum by using two
or more c2lls (whose bandgaps nave tean
ortimally chosen) reduces each form of
loss and increases the total efficiency.

Two other loss mechanisns, contact

INTRODUSTION obscuration and seriass resistance, nay bde

bbbt reduced by a multigap arrangement. Since
at a given solar Ilux, the cnrrenz in oach

The idea of increasing photovoltalc cell is reduced from that of a sinqle

conversion efficiency by using cells with cell. CJnsequen ly, front conzact grids

different bandgaps was Zirst proposed by can be redesigned WLhﬁ less vb~r3*at on

Jackson in 1958 (1). At that time only without increasad series resistance. Al

1 sun illumirazicn was considered and :hg ternatively, the same current could be

attendant complexity could not be economi- maintained with a larger cptical module,

cally justified. Since S5i and cther solar s0 solar array interccnnecticns ané assem-

cells had not achieved their projected bly costs could be reduced.

performance, development of the multigap

concept was not pursued. . This paper examines some lmportant
factors and materials reguirements Zor

Eowever, the advent oI demonstrably the operaticn of a qult13 ~ solar -ell

higher power per cell with high efficien- and describes the suc esé-hl operaczion

cies by tha use of concentrated sunlight of such an arrangement. .

has refocused attention con the multigap

concept (2,3,4,5,6,7). With concentratcrs MULTI-GAP CELL REQUIREMENTS

the importance of the cost per cell dimin-

ishes relative co total systams costs. Sfficiency ©f any combination of cells

In turn this allows greater cell cesign depends upon the choice of handgaps because

complexity. Absolutaly paramount fo con- losses at scme point will be minimizad ou-

centrator systam success ls the attalnment iny to a Sixad éolar specarum. A firse

of high efflciencies. & racenc LPRI repors approximation fcr de<ermining effizisncy

which deals with ghoteovoltalics apoplica- as a function of bandgaps is achisved ty

ticns for utilities “'e”Pl fies =his polinz assuming matching shor: circuit surrsnt ir

by noting that the vi each cell rather than mamimum-power load

centraticn systems re currents (3). Tor aigh concentratisn this

eZficiencias of 25-30% (3}, approximaticn involves negligible erzor



at moderate temperatures since the fill
factor and thus the efficiency is determined
largely by series resistance effects.

Calculation of efficiencies proceeds
then by determining for each lower bandgap
the higher bandgap where equality of short
circuit current occurs. Spectral response
of each cell is idealized by a uniform quan-
tum efficiency (which can be set) between
photon energies set by the bandgaps. The
efficiency of each cell is calculated by
dividing the incident power into the maxi-
mum attainable power calculated from the
following equations:

Im a Isc = C-Isc(l sun})

Vm = Eg + 22 (lnC'Isc -19.1)

5 CONCENTRATION = 1000 AM2 SUNS, QE = .8, 3C°C
o L] T T

EFFICIENCY

OTHER CELL BANDGAPS (eV)

‘.o 1 J 4.

1.0 1.5 20 2.5
BANDGAP OF LOWEST CELL {eV)

Potential performance at 30°C of
1,2,& 3 sclar cells with 80% quan-
tum efficiency and an illuminating
flux of 1000 AM2 suns. Upper curves:
efficiency vs bandgap of lowest

cell. Lower curves: other band-
gaps vs bandgap of lowest cell.

where I, = current at maximum power, Igc
short circuit current, E, = bandgap, C =
concentration and kT/q has its usual mean-
ing. The expression for Vg follows from the
usual expressions for V and V, plus assum-
ing that the reverse satiration current

12 obeys the relationship, Iy = K &E9/KT
{(8).

Using this approximation, efficiency
and distribution of bandgaps are computed
for a single, double and triple cell
arrangement as a function of the lowest
cell bandgap. The results are shown in
Fig. 1 for a solar illumination flux of
1000 AM2 suns onto cells with guantum 2f£fi-
ciency of 80% held at 30°C. Maximum effi-
ciencies increase from 24.5% to 33.% to
37.5% for 1, 2, and 3 junction cells, res-
pectively. Under these conditions a two
bandgan cell could operate within one
percentage point of the maximum with lower
bandgaps between 0.95 to 1.12 eV and cor-
responding upper bandgaps of 1.58 to 1.68
eV, For a three bandgap cell operating
within 1.5 percentacge points of optimum,
bandgap ranges are 0.7 to 1.12 eV, 1.2 to
1.48 ev, and 1.75 to 1.93 eV, for the
lower, intermediate and upper junctions,
respectively. In surmary, it is clear
that there is some latitude in picking
optimum cell combinations and that ulti-
mately the choice is dictated by materials
considerations.

The assumption that short circuit
current equality prcduces maxisum efIii-
ciency has been testad for the two junc-
tion case by computing the efficiency
variation with varying upper bandgaps,
given the lower band, for cells run inde-
pendently., Fig. 2 shows the results for
concentrations of 1 sun and 1000 su=zs.

It can be seen that the optimum efficiency
for the pair occurs close to the equal-
current condition. Thus, negligible
sacrifice in efficiency is macde by de-
signing for series operation of the cells.

An important question for multigap
cell operation is whether there are
diurnal variations of one portion of the
solar spectrum relative to another. As a
first attempt to answer this question the
ratio of short circuit currents from a
GaAs solar cell (Eg = 1.425 eV) and an
InGaAsP photodicde™ (Eq = 1.1 eV) have been
recorded throughout a“day and the results
shown in Fig. 3. An overall trend cf
constancy is seen except for the rapid
changes caused by c<louds altering the
spectrum and the hour or so just before
sunset. Sclar spectrum variation during
the day appears mincr from this data, but
this is guite preliminary
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Ratio of short circuit currents for
a GasAs sclar cell (E; = 1.425eV)
and an InGaAsP photodiode (E; =
1.13 eV) vs time of day (MarZh 1978)

Materials requirements for multigap
solar cells are very stringent if any
real increase in efficiency is ever to
be achieved. Each cell must be able to
individually operate near its maximum
efficiency. So at least for initial
choices, tecause of their state of devel~-
opment, Si, possibly Ge, and III-V binary
compounds or alloys are considered the
most suitable materials. In general,

operation of any solar celi at high levels
of illumination regquires a non-absorbing
lattice~matched window layer on top of
each p=-n juaction; its function is to
reduce both the suriface recombination
velocity which occurs at the photon
absorbing surface and the sheet resistance
(3). Windows can either be thick or very
thin direct bandgap materials, depending
upon their bandgap, or thicker indirect
material with negligibie absorprtion. Of
the two, indirect window materials afford
the greater latitude in device fabrication.

Potential solar cell materials are
shown in Fig. 4 where thair bandgap versus
lattice parameter are plotted as an aid
to visualizing potential alloy combinations
which may prove useful £or stacked cell
arrangements., In III-V systems, the min-
ority carrier diffusion lengths are only
several microns in length. Consequently,
p~n junctions must be. formed near the
surface from materials with absorption
coefficients 3 104 cm~l. A direct band-
gap material must be used then if light
is to be absorbed near the juncticn.

The range of direct bandgaps necessary

for two or three junction operations is
contained within the alloys shown in

Fig. 4. The shaded area in the upper
portion in Fig. 4 represents the region

of indirect absorption of most interest
for window layers. For Si, indirect absor-
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Fig. 4 Bandgap vs lattice constant for

potential multigap solar cells.
The shaded portion represents
indirect bandgap alloys.



ption cccurs and intrinsic lifetimes are
A 103 times higher. The problems hare
are maintenance of the lifetime during
processing znd the lack of a lattice-
matched window laver.

Table I lists some possible materials
that have a reasonable potential for
successfully forming a high efficiency
two-bandgap solar cell.

TABLE @

9.%ev i.lev l.4ev 1.%ev

Ge si Gads AL Gay 28

Gasd Xn'&lx_-kl c‘“l-x’x
Gaks, _ sb_ Al Gay  Asy  sb
Ca lng_ As, P
AL Gay Asy_ sb

Examination of Table I shows that AlGaas
and Si, two highly develored materials,
can be combined for maximum efficiency.
With only a small penalty in efficiency,
Ge .and GaAs or GaSb and GaAs can also

be combined for maximum efficiency. Ex-
cept for Si and Ge, use of appropriate
window layers is assumed.

INDIVIDUAL CELL FABRICATION
AND PERFORMANCE

Individual solar cell performance
has been divided into two categories:
those that require a substantial lattice
constant change Zrom the substrate for
the correct alloy formation and those
that do not. 1In the latter category Si
andé Aleal_ s for x < 0.25 have been
investigated as solar cells applicable
to a spectral splitting approach. GaAs)_Py
and GaAs1-xSbx are the lattice mismatch
materials examined, with an eye towards
stacked cell applications.

Solar Cells for Spectral-Splitting

Silicon and AlyxGal-xAs (Eq ¥ 1.7 eV)
have been fabricated into concéntrator
solar cells with an active area of 0.56cm2,
The contact grid, which covers ~ 10% of
the cell area, is a pattern which had
previously been optimized for concentrator
AlGaAs/GasAs solar cell operation (9).

The AlGaAs cell, consisting of
p-Alg g92Gag ggAs/n-AlyGaj_. As/n-GaAs(lll)B
substrate with x < 0.24, has been fabri-
cated by LPE in the same wmanner that is
used for conventional AlGaAs/GaAs solar
cell and has been reported in detail
recently (11). Doping densities in the
n-AlyxGal-xAs layer are 35x10 cm~3,
while in the p-type Alg g2 Ga ggds they
are estimated to be 3-5x10+8 cm=3.
Contact resistance of the metal/Gads/

Al 92Ga, p8As combination is estimated
v 1x10-+4 onm-cm.

Silicon cells have been designed for
operation at photon energies < 1.65 eV
and for concentrated sunlight illumination.
Because performance at long wavelengths in
concentrated sunlight is the primary re-
quirement, junction depths of ~ 1 um have
been used in order to reduce series resis-
tance of the uppermost layer, Obtaining
sufficiently high minority carrier life-
times in the completed cell, a problem
often encountered during Si solar cell
processing, is aided by starting with Si
that has a 500~-600 Q-cm resistivity and
reputed 3000-6000 usec lifetime. 1In
concentrated sunlight, operation is under
high injection conditions and the carrier
density is maintained by photogenerated
carriers. In this case cell polarity is
important because the Dember voltage gen-
erated is the same polarity regardless of
whether the base is p or n type (l2). For
Si, in which the electron to hole diffusi-
vity ratio is ~ 3, a higher Vgo. is ex-
pected from a p+-n cell than from a n*-p
cell (13).

Si cells, (p*;n-;n+*) have been formed
by B and P diffusion at n 1200°C into a
250 um thick substrate. Contact resis-
tance after metallization is < 1 x 10-3
chm-~cm4. Lifetime measurenments made by
observing the transient decay of V,o after
removing a high forward bias have indicated
lifetimes of 147 usec (14). These cor-
respond to an ambipolar diffusion length
of 513 um, about twice the wafer thickness.

Spectral response curves for ccm-
pleted cells with Si3N4 anti-reflection
coatings are shown in Fig. 5 where res-
ponse from an AlGaAs/GaAs cell has bpeen
included for comparison. Since correc-
tion for the contact obscuration has nct
been made, the actual quantum efficien-
cies are < 9G%. The bandgap of the
Al,Gaj_4As is v 1.7 eV or X = 0.24. A
decrease in response for the GaAs and
AlGaAs cells at photon energies > 2.3 eV
are in large part caused by the one layer
A.R. coating having an increasing value of
reflectivity at these energies. Silicon
on the other hand shows a level response
to 1.4 eV above which the expected sur-
face recombinaticn effects as well as
increasing reflectivity cause a decrease
in response with increasing photon
energies.

Performance in concentrated sun-
light for AlGzAs (1.61 eV) and Si cells
are shown in the I-V curves o¢f Figs. 6
and 7, respectively. In addition, Table II
summarizes the important operating para-
meters.
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Fig. 6 Current-voltage curves for an
AlGaAs (1.6 eV) solar cell oper-
ated with illuminating fluxes of
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4 the masimun curtens mcasuced vas LO.96A; this say Aot be grown form another class O; cells. ?WQ
g 48 can be seen in Fig. 7. such alloys have been examined, one is



" the AlGaAsP/GaAsP (l.61 eV) grown on a
GaP(111)8 substrate and the other is
AlGaAs3b/GaAsSb (1.15 eV) grown on GaAs
(111)A substrate. The mismatch is

A~ 1.7% and 1.3%, respectively. Forma-
tion of each cell required the continuous
lattice constant grading from the sub-
strate to the final alloy composition.
Both cells are in an Al-Ga-column V
alloy system where the lattice parameter
is dictated by the column V suklattice
composition., Once the correct composi-
tion has been achieved, increasing the
bandgap simply occurs by Al addition.

The advantage of the GaAsP system is
that a 1.65 eV cell can be formed on a
substrate of GaP which is transparent to
photons < 2.25 eV. Thus, the unused
photons (< 1.65 eV) are transmitted di-
rectly through the substrate in contrast
to the AlGaAs cell grown on GaAs with
Eg = 1.43 eV. A potential reduction in
optical complexity can then be envisaged.

On the other hand, the AlGaAssSb
system possesses the unigue distinction
that a complete stacked cell is possible
within its phase boundaries. Both the
lower 1.1 eV and the upper 1.65 eV junc-
tions with window layers can be deposited
at single lattice constant. Only Al addi-
tions are necessary for increasing the
bandgap from GaAsg,g4Sbg,3s (1.15 eV) to
the Al,Gaj_,Asg, g4Sbp 15 (1.65 aV) com-
positign and finaily to the top window
layer. The maximum Al concentration that
has been observed in tihe Al,Gaj-yAsg, 34
Sbg,16 alloy is y = 0.88, a compdsition
which corresponds to a 2.05 eV indirect
bandgap (18). Thus, all necessary com-
positions are attainable for a stacked
cell formation in this system.

Lattice constant grading by liquid
phase epitaxy (LPE) £for the GaasP cell
utilized P depletion from a Ga=-As-P solu-
tion to first deposit n-GaP layer on
n-GaP(lll)E substrate and then as the
temperature is lowered to gradually
change compcsition to n-GaAsP. The
cooling interval is petween 1000 and 800C.
Once the GaAsP composition is reached a
p-AlGaAsP layer is deposited and diffusion
of the p-type dopant into n-type layer
forms the p/n junction. For the Sb
containing alloy, compositional grading
is attained by Al depletion which lowers
the As activity as growth proceeds between
830°C and 770°C from an Al-Ga-As~Sb sclu-
tion. Once the correct lattice constant
is reached, devositions of n-GaAsSb fol-
lowed by p-AlGaAsSb takes place. Again
junction formation is by p-diffusion dur-
ing LPE into the n~type ternary.

Spectral response curves from prelimi-
nary cells grown in both systems are shown

‘'in Fig. 8. Immediately obvicus is the lower

overall yield caused by the lack of an A. R.
coating, but more importantly, the behavior
or shape indicative of low n-type diffusion
length.
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Spectral response curves for solar
cells composed of p-AlGaisP/
p~nGaAsP/graded GaAsP/GaP(111)B
substrate and p-AlGaAsSb/p-nGaAsSb/
graded AlGaAsSb/Gaas(lll)a
substrate.

The cause for diffusion length % 0.5 um

is not yet known. Possibilities being
investigated are: (1) grading effects
associated with high dislccation densities,
(2) unusual stoichicmatric conditions that
may cause more non-radiative centers and
raps, and (3) a compositicnal wvariation
that may cause bandgap dips in the juncticn
vicinity. Open circuit voltages of 1.1V

and v 0,48V at low current densities
produced by a tungsten lamp have been
cbserved for GaAsP and GaAsSb, respectively.

TWO CELL PERFORMANCE

Operation of Si and AlGaAs in a two
cell configuration requires a dielectic mir-~
ror as a means of spectral splitting with
the crossover between the stopband and
passband region near l.65 eV. With a two-
cell configuration, reflection of the light
to either the low bandgap or the high band-
gap cell is possible. The proper choice is
to reflect light to the low bandgap c¢ell
and to. let light pass through the filter to
the high bandgap cell for the following
reasons:



1) It is easier to obtain nearly
reflectivity over the desired stop-
band than it is to obtain zero reflectiv-
ity over 2 desired passband. If the low
bandgap cell were constructed so that its
window layer still passed light with
photon energies above the bandgag of the
high bandgap cell, then any reflected
light outside the reflection stopband is
still utilized to produce photocurrent.
With the alternate configuration this
reflected light is wasted.

100%

2) The high bandgap cell is more
tolerant of temperature increases than
the low bandgap cell. So with the pre-
ferred coniiguration most of the very
long wavelength radiation which produces
only heat is incident on the high bandgap
cell.

Although selective mirrors are com-
mercially available it has been found ad-
vantageous to periform a computer design
of the filter which can include the opti-
cal behavior of the antireflection coat-
ings of each cell. With such a program
the effect on total cerformance of any
small changes in layer thickness of every
layer in the stack can be examined. Using
such a procedure a 17 layer (cuarter-wave
stack with eighth-wave ends) dielectric
filter of alterrating InS and Na,AlF,. has
been designed and fabricated for-22°°angle
incidence. The designed reflectance vs.
photon enargy is shecwn in Fig. 9. Experi-
mentally a rise in reflectance above the
design wvalue at higher photon energias is
noted {not shown) and is believed to be
caused by slight errors in the refractive
indice values in the calculation.

When the dielectric filter is com-
bined with concentrator cells of S§i and
AlGaAs in a single concentrator mount the
spectral response shown in Fig. 10 is ob~
served. In this arrangement S$i shows a
nearly optimum quantum efficiency curve

with the higher energy photons which would

be converted with lower efficiency, being
directed onto the AlGaas cell.
tage of reflecting ontc the leow bandgap
cell is apparent where photons >1.63 eV

not incident upon the AlGaAs cell are still

seen to give response in Si.

Operation in concentrated sunlight
produces the current-voltage curves of
Fig. 11l.

4 -~

cells operating at their maximum efficien-
cy points is 2.355 watts with an effective
intensity of 165 suns on the cells, and an

AM 1.23 spectrum. The subsystem conver-
sion efficiency under those conditions is
28.5%; the operating characteristic of
each cell is tabulated in Table III.
Given a perfect filter, the combined ef-
ficiency would be approximately 31%.

The advan-

The total power output with both
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Fig. 9 Computed response of a l7-layer
dielectric mirror formed with
alternating ZnS (n=2.3) and
Na.,AlF. (n=1.3%5).
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Allowing for losses in the concentra-
tor optics and filter, the system effi-
ciency is estimated to be in the neighbor-
hood of 25%. By reducing the current from
the Si cell from 1.5 to 1.3 amps (with a
corresponding increase in voltage and very
little penalty in efficiency) the two
cells could be operated in series to gen-
erate just under 1.8 volts and 1.3 amps,
or very nearly the maximum power for the
two independent cells.

This represents a preliminary experi-
ment on cells which have a contact grid
optimized for an AlGaAs/GaAs solar cell
designed to operate at 1000 suns. In spec-
tral splitting each cell operates at a
lower current than if it were used alone
at the same concentration. Improved per-
formance is expected from a reduction of
contact obscuration when an optimized grid
is used. This together with an improved
filter design, is expected to produce
further performance enhancements.
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Fig. 11 Current-voltage curvaes for Si and
AlGaAs in a spectral splitting
arrangement, operating in concen-~
trated sunlight.

SUMMARY AND CONCLUSIONS

fficiency estimates for a multigap
solar cell with two junctions yield a max-
imum value of ~ 33% for 1000 suns at AM2
and 30°C. Optimum bandgaps for short
circuit current equality in each cell are
1.1 and 1.65eV. Shifting the bandgaps to
0.7 and 1l.4eV would yield an efficiency
of 31s.

The short circuit esguality condition
for design is shown to be near the maximum
efficiency seen when two cells are consid-
ered to be operated indevendently. So,
little efficiency loss is encountered when
this condition is used for optimization.
Very preliminary data suggest that the
ratio of short circuit currents from l.leV
and l.4eV cells show little diurnal varia-
tion except near sunset and during cloudy
periods. Additional data of this nature
and over a greater range in photon ener-
gies is needed.

For two or three bandgap concentrator
cells Si, G2, and compounds or alloys in
the Al-Ga-~-As, Al-Ga-As~P and Al-Ga-aAs-3b
systems are potential meterials which are
either highly developed or reascnably well
understood. The Al-Ga-As=-3b system is
unique in that all the necessary bandgaps
for a two bandgap cell occur at a single
lattice constant value. Cells showing
near projected performance are those
which do not require a change in lattice
parameter from that of the substrate in
order to obtain the correct composition.

Solar cells formed in AlGaAs (l.6levV)
have demonstrated 2fficiences > 19% at
concentrations ¢ 887 suns, with only a
small change in £ill factor with higher
illumination. Silicon cells designed for
operation in concentrated sunlight show
a maximum 2£ficiency of 16% at current
ratios of 30, but decrcase in efliciency
to 12% as the current ratio reaches 700.
Although useful for low illumination
fluxes, the expected behavior at high
fluxes again points to the need for a
low bandgap cell that also has a lattice-
matched window layer which would reduce
sheet resistance. This is absolutely
necessary if both high efficiency and
high power are to be expected from a two
bandgap cell arrangement. Preliminary at-
tempts in this direction using AlGaAsSb/
GaAsSb (1.15eV) demonstrate the feasibility
of this cell. Although low minority car-
rier diffusion lengths presently hinder
its deployment, materials investigations
are in their early stages, and imprcvements
are expected as new insights are gained.

A two-cell arrangement using cells of
§i and AlGaAs and a dielectric mirror has
achieved a conversion efficiency cf 28.5%
for the two cells operated at 163 suns at
AM 1.23. This has demonstrated the via-
bility of the multigap concept and sug-
gests that both materials and optical de-
velopments can lead to higher efficien-
cies and power levels.
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ty N, in the different samples was determined from low-
temperature capacitance-voltage measurements and are also
listed in Table 1.

The density Ny of the traps in the QMVPE samples
with different ratios of As to Ga was detegmned from the
capacitance transients using the relation®

Nr=N,[(C./C) 1], 2)

which is valid for the large value of quiescent geverse bias
applied to the barrier during the measurements\Cyand C
are, respectively, the values of the depletion layég capaci-
tance at ¢ = 0 and «. The value of N for the dominant
0.82 + 0.02-eV electron trap was also determined from ?:

4

noBen () (Y
Co dt Jo\ W, ,

where W, is the depletion layer width at t = 0, and 4, is the
distance from the metal-semiconductor interface at ¢ =0
where the Fermi level intercepts the electron trap level for
the quiescent reverse bias applied to the diode. The values of
Ny for the 0.82 4 0.02-¢V electron trap determined from
capacitance-voltage measurements and from Egs. (2) and (3)
were found to be in good agreement. These values are hsted
in Table I and are plotted in Fig. 3 as a function of the As to
Ga ratio.

GaAs with an identical capture cross section and that its
concentration increases linearly with the As/Ga ratio in the
crystal. This indicates the involvement of ¥, or a chemical
impurity associated substitutionally or interstitially with a
Ga site in the formation of the center. An antisite defect
Asg, is also a possibility. Miller ez a/.'” have also reported
that the density of the 0.82-¢V level in YPE GaAs increas
with increasing AsH, to GaCl ratio during growth. In fict,
the values of N, determined by these authors in GaAswvith
As/Ga ratios of 1 and 3 are in excellent agreement with our
results and are shown in Fig. 3. It is unlikely that the/mpuri-
ty is oxygen on a substitutional or interstitial site, Since the
absence of HCl in the OMVPE process precludegthe forma-
tion of oxygen by the dissociation of silica. Howéver, oxygen
containing compounds may be present in the Sources, par-
ticularly AsH,. By a comparison between qpantitative oxy-
gen concentration and the electron trap coficentration in
bulk GaAs material, it has been shown recently by Huber et
al.'! that oxygen is not involved, either djrectly or as part of a

/
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The most significant result obtained from the present ;’;
investigation is that the 0.83-eV electron trap commonly ob- :

servedin conventional VPE GaAsisalso present in OMVPE (J.W.K.) thank the Department of Electrical and Computer

complex defect, in the origin of the 0.82 + 0.02-eV level.
Furthermore, theoretical studies'!? also suggest that this
deep state is not related to oxygen.

The 0.36 + 0.02-eV electron trap identified in samples
OM 490, 489, and 330 as indicated in Fig. 1 has been some-
times observed in as-grown and heat-treated VPE GaAs.®
Comparing these data with the data by Martin et al.,' it may,
however, be concluded that the trap level observed by us is
not the trap labelled ELS (4E; = 0.42 ¢V), which anneals
out by heat treatment And has a value of o two orders of
magnitude higher thaft we observe. It is also not identical to
the level labelled ELY for which the values of 7, are very
different. This centgr, being reported possibly for the first
time, is attributed to an unknown impurity and will be inves-
tigated further.

The 0.35-e¥ hole trap observed in OMVPE 329 might

urities since Fe contamination is usually

, typically to the extent of a ppm or so. How-

ish to thank R.L. Bell for his support and interest,
typas for providing the GaAs substrates, S. Fonte

and/M. Ettenberg are gratefully acknowledged. One of us
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The organometallic vapor phase epitaxial growth of Gal_xlnxAs

and GaAs, Sb_using trimethylarsenic and trimethylantimony

as the GroXp YV sources 1is reported and the relevant chemistry
is discussed, Growth rate and composition variations as a
function of temperature are given for GaAsl_ Sb . A result

of particular importance is that no detrimentalYroom temper-
ature gas phase reaction 1ig observed between triethylindium
and trimethylarsenic. Consequently, the growths are performed
at one atmosphere pressure without the need for any compli-
cated injection schemes in the reactor design.

Key words: organometallic vapor phase epitaxy, GalnAs
GaAsSb, trimethylarsenic, trimethylantimony.
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the concept of III-V growth using column V trialkyls was ver-
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Introduction

Organometallic vapor phase epitaxy (OM-VPE) 1s rapidly
becoming a popular method for the growth of III-V semicon-
ducting compounds (1-5). In particular, GalnAs has been in-
vestigated for fiber optic sources (6) and detectors (7), low
bandgap solar cells (8), and photocathodes (9), and GaAsSb may
find application in fiber optics (10,11) and superlattice
devices (12), Most authors report the use of the Group III
trialkyls [trimethylgallium (TMGa), trimethylaluminum (TMAl)
and triethylindium (TEIn)] as the column III source and the
Group V trihydrides AsH., PH,, and SbH, as the column V
sources. Thomas reportéd the use of triethylphosphorous in
GaP growth (13) and Manasevit mentions the use of trimethyl-
antimony (TMSb) to grow GaAsSb, but no details are given (14).
In general, however, little attention has been given to the
advantages of using the column V trialkyls instead of the
trihydrides as the Group V sources.

The column V trialkyls offer distinct advantages over
the trihydrides for the growth of In-V and III-Sb alloys.
In the case of In containing alloys, TEIn is generally used
in combination with AsH, or PH, (15-18). These combinations
present difficulties owing tQ a rapid room temperature reac-
tion which rapidly depletes the TEIn from the carrier gas
upstream of the substrate wafer (17,18), Noad and Springthorpe
recently reported GalnAs growth using a technique which phys-
ically separates the TEIn + TMGa mix from the AsH, until just
before the gas stream reaches the substrate, however, large
amounts of TEIn were still consumed in the gas phase reac-
tion (17). Other authors report InP and GaAs growth at low
pressure (18), but this requires more cumbersome equipment
than growths done at one atmosphere. The use of trimethyl-
arsenic (TMAs) as the column V carrier prevents the gas phase
reaction thereby allowing growths in conventional OM-VPE
reactors (19) at atmospheric pressure.

The growth of III-Sb compounds is simplified in OM-VPE
reactors by the use of TMSb rather than SbH_, which is
difficult to handle (20). It should also bé@ noted that OM-VPE
has an inherent advantage over HC1 transport VPE (21,22) for
growing the antimonides owing to the fact that higher Sb
concentrations may be obtained in the gas phase allowing
higher growth rates and more uniform growths of GaSb and
GaInSb (23).
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corresponding gallium or aluminum compounds is well known
(27). By using TMAs rather than AsH, to grow GaInAs, the
elimination reaction is thus avoided allowing transport of
the TEIn, either singly or as a Lewis acid-base complex.

Experimental

The epitaxial layers of this work are grown in an RF
induction heated horizontal cold wall reactor similar to
that described by Bass (19). The Ga and In sources are elec-
tronic grade TMGa and TEIn (supplied by Alfa or Texas Alkyls)
and the Group V sources are AsH, (10% in H,, Scientific Gas
Products, Inc, Santa Clara, CA), TMAs (Alfa) and TMSb (Alfa).
Palladium diffused H, is used as the carrier gas and normally
is at a flowrate of iO slpm. The substrates are single
crystal GaAs doped with Sn or Cr and are oriented 2° toward
(110) from the (100) plane.

Growth temperatures for GalnAs are usually near 600°C.
Typical mole fractions in the reactor for CalnAs are
8.4 x 10~ and 8.4 x 104 for column III and V, respectively;
and for GzAsSb column III and column V are 1.5 x 10~% and
2.1 x 107, :

The growth begins by heating the susceptor and wafer
under flowing AsH, until the growth temperature is reached.
For the GalnAs growths, the TMAs flow is started after
stabilization at the growth temperature and the AsH. flow is
stopped. The reactor is purged under these conditidns for
5 min. and then growth is begun. For the GaAsSb growths,
TMGa and TMSb flows are started simultaneously without
interrupting the AsH3 flow. Growths are typically 20 to 60
min. in length.

The Ga, 1In As solid compositions are measured by photo-~
lumineseence-fPLf (28) and the CaAs, Sb compositions are
measured by a combination of PL (29}_Xndyx-ray lattice con-
stant measurements. In all cases the GaInAs PL signal was
strong enough and the peaks sharp enough to firmly establish
the composition. In the case of GaAsSb, PL and X-ray lattice
constant data were used since the PL data was not always of
sufficient quality to unambiguously establish the composition.
The error bars in Fig. 4 reflect the discrepancy between the
two techniques.

The Organometallic VPE Growth of GaAs;_,Sby su1_

Chemistry

The Group III alkyls, MR, (where M = Al, Ga, In;
R = alkyl) are an electron degicient class of compounds

called Lewis acids whereas the Group V hydrides and alkylg,
ER!, (where E = N, P,.As, Sb; R' = H, alkyl) are Lewis bases

or electron rich species (24). Reactions between these classes
of compounds to form Lewis acid-base complexes (Eq. 1) are

well known, and are represented by the equation

: : ' e}
MR3 + ER3 ——>R3MER3
f the donor-acceptor
Despite the relatively weak nature o
bong, many complexes have been isolated and character~-

ized (25,26).

In most OM-VPE reactors hydrogen streams containing the
Croup III and V sources are mixed and then passed over a
heated substrate. It might, in general, be expected that
the gas stream would become depleted of reactants owing to
the formation of Lewis acid-base complexes, since the com-
plexes usually have vapor pressures which are much lower than
the source organometallics. This is avoided in OM-VPE
systeps by keeping the mole fractions of the reactants low
(%10—?) and by maintaining relatively high gas velocities.
If, however, the Lewis acid-base complex readily undergoes
further reaction to form a less volatile product, depletion
of the reactants may occur. For example, when the Group V
source contains an active hydrogen, the complex may undergo
hydrocarbon elimination (27) according to Eq. (2).

R.MEH_R'~——+polymeric solid + RH (2)

372

The solid products usually have a high melting point
and very low vapor pressure consistent with a polymeric
species. The elimination reaction can be prevented if the
Group V compound does not contain a readily available hydroggn.
The reaction of As(CH )3 with InR,, for instance, is expecte
to give a Lewis acid—gase complex~which does not undergo
hydrocarbon elimination. The growth of GalnAs from indium
alkyls has been complicated in the past by a low temperature
gas phase reaction between the indium species and arsine,
probably according to Eq. (2). This is not surprising since
the tendency for indium containing Lewis acid-base complexes
to undergo elimination reactions more readily than the
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The growth of GaAs, Sb 1s investigated in more detail.
Crowths are performed a*‘xemgeratures ranging from 500 to
630°C using a TMGa:AsH,:TMSb mole fraction ratio of
2.4:1:2.4. The ratios are kept constant to determine the
effect of temperature on growth rate and Sb incorporation
in the crystal. Fig. 2 shows the surface morphology of a

GaAs, Sb_ (y ™ 0.06) layer grown directly on a GaAs substrate. -

NoteIEXe ross-hatch pattern typical of lattice mismatched
epitaxial layers (30) and the numerous hillocks. The growth
rate increases an order of magnitude between 560 and 600°C

as shown in Fig., 3. A similar effect has been observed in
the growth rate of GaSb and GaInSb on GaSb using TMGa and
TMSb (23). Fig. 4 shows the Sb content of the crystal, y, as
a function of growth temperature. A gradual decrease in the
Sb incorporation is noted from 500°C to 625°C. Above 625°C
it is difficult to obtain very high Sb concentrations. These
results contrast with an earlier report indicating that a
change in growth temperature does not affect the solid compo-
sition (20). The growth rate increases markedly above 580°C,
but the Sb incorporation decreases abruptly. These changes
reflect a kinetic balance between the As and Sb atoms rela-~
tive to basic atomic incorporation mechanisms such as atomic
surface mobility (33). The temperature 580°C may represent
the boundary between surface kinetically controlled growth
and mass transport limited growth at highér temperatures.

—

10 um

Fig. 2 Surface morphology of an OM-VPE GaAsl_ySb (y ~ 0.06)
epitaxial layer grown on a GaAs substrate. y

The Organometallic VPE Growth of GaAs,_ ySby k11X

Results and Discussion

Fig. 1 shows the surface and cross-section of a
Ga _xInxAs layer (x = 0.24) grown directly on the substrate
wi%h no grading layer. The surface is specularly reflective,
smooth, generally free from defects, and exhibits the regular
crosshatch (30) pattern typical of lattice mismatched epitax-
ial layers.

A gas phase ratio of [TEIn}/[TEIn + TMGa]™ 0.29, is
used. Here, the TEIn flux assumes a vapor pressure for TEIn
at 21°C of 0.12 Torr, but this is not known with any
certainty (16,31,32). The growth rate at 600°C under these
fluxes is 0.03 um/min, and drops to 0.017 pum/min at half the
above fluxes.
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10 um

Fig. 1 Surface morphology and cross~section of an OM-VPE
Ga, In As (x “v 0.24) epitaxial layer grown on a GaAs
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In general, for flux ratios differing from those used
in Fig. 3 and 4, it is noted that increasing the A3H3/TMSb
ratio decreases Sb incorporation, as expected, while
increasing the TMSb/TMGa ratio results in the appearance
of droplets and needles on the wafer surface, probably owing
to a vapor-liquid-solid growth mechanism (34).

No indication of a miscibility gap 1s noted for
0 £y £0.11, contrary to what is expected from the report
of Gratton et al. (35) who used solution growth techniques.
This correlates with molecular beam epitaxy data (36,37) and
indicates that the miscibility gap is in the liquid rather
than the solid solution GaAsl_ySby.

Conclusions

The column V trialkyls TMAs and TMSb are demonstrated
to be useful for the growth of IIT-V epitaxial layers by
OM-VPE, and they have particular advantages in some cases
over the column V trihydrides. Single crystal epitaxial
layers of Ga; _ InxAs (x < 0.24) have been grown by OM-VPE
using TMAs as the*sole source of As. Particularly important
is that, the room temperature gas phase reaction between
TEIn and AsH, is avoided using a chemical approach rather
than physicaily separating the reactants or resorting to low
pressure techniques. Epitaxial layers of GaAs, Sb are
also grown by OM-VPE with 0 £ y < 0.11 using HSB ad the Sb
carrier. )

Finally, the absence of a detrimental reaction between
TEIn and TMAs suggests that triethylphosphorous or trimethyl-
phosphorus rather than PH, might be suitable for use in the
growth of InP and InP-related compounds.
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