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Abstract

Interface recombination velocity in Al,Ga;-, As-GaAs and Alyss Gae,s As-Gads,_yShy
heterojunction systems is studied as a function of lattice mismatch. The results are applied
to the design of highly efficient III-V heterojunction solar cells.

A horizontal liquid-phase epitaxial growth system was used to prepare p-p-p and p-p-n
AlGa,-» As-GaAs,-3Sby-AlGa,-,As double heterojunction test samples with specified values
of = and y. Samples were grown at each composition, with different GaAs and GaAs Sh
layer thicknesses.

A method was developed to obtain the lattice mismatch and lattice constants in mixed
single crystals grown on (100) and (111)B oriented GaAs substrates. In the AlGaAs syst-
em, elastic lattice deformation with effective Poisson ratios ver e (100=0. 312 and v.¢; (111B)
—=0.190 was observed. The lattice constant a, (Al.Ga,..As)=5.6532+40.0084z A was obtained
at 300K which is in good Agreement with Vegard’s law. In the GaAsSb system, although
elastic lattice deformation was observed in (111) B-oriented crystals, misfit dislocations
reduced the Poisson ratio to zero in (100)-oriented samples. When a, (GaS#)=6. 0959 A was
assumed at 300K, both (100) and (111)B oriented GaAsSh layers deviated only slightly
from Vegard’s law. Both (100) and (111)B zerc-mismatch Alc ss Gao, s As-Gads,-;Sby layers
were grown from melts with a weight ratio of Ws,/We.=0.13 and a growth temperature
of 840 to 820°C. The corresponding Sb compositions were y=0.015 and 0.024 on (100) and
(111)B orientations, respectively. This occurs because of a fortuitous variation in the Sb
distribution coefficient with orientation.

Interface recombination velocity was estimated frem the dependence of the effective
minority carrier lifetime on double-heterojunction spacing, using either optical phase-shift
or electroluminescence timedecay techniques. The recombination velocity at a (100) interf-
ace was reduced from (2 to 3)x10* for y=0 to (6 to 7)<10* cm/sec for lattice-matched
Aly 0sGag. 15 As-GaAse,055b0.015 Although this reduction is slightly less than that expected

from the exponential relationship between interface recombination velocity and lattice
mismatch as found in the’AlGaAs-GaAs system, solar cells constructed from such a ~com-
bination of materials should have an excellent spectral response to photons with energies
over the full range from 1.4 to 2.6 eV. Similar measurements on a (111) B_ oriented
lattice-matched heterojunction produced some-what larger interface recombination velocities.
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1. INTRODUCTION

Although theoretical studies [1,2] have demo-
nstrated that GaAs should be one of the best
materials for constructing solar cells, the effic-
jency of the early p-n junction GaAs solar cells
was poor. The reasons for this inefficiency are
that this direct band-gap material requires the
p-n junction to be less than 1 xm from the sur-
face and that the GaAs-air interface hasa large
surface recombination velocity of approximately
10° cm/sec.

These difficulties were overcome during the
early 1970’s by growing thin (p) Al.Ga,-.As
layers on the surfaces of p-n junction GaAs
solar cells. Although this window layer is opa-
que to high-energy photons (>2.0 V), the het-
erojunction confines the photon-generated elect-
rons with in the (p) GaAs layer, thereby provid-
ing a low-interface recombination velccity that
greatly increases the efficiency compared to that
of a simple GaAs cell; efficiencies up to 21 per-
cent at AMI1.4 have been reported [3].

Even after this improvement, efficiency was
still far from the theoretical value (~27percent),
perhaps as a result, in part, of lattice mismatch
at the heterojunction interface. The lattice con-
stant a, of GaAs, AlAs, and GaSb single crys-
tals at room temperature is 5.6532, 5.6622, and
6.0959 A, respectively (4). The mismatch at a
GaAs-AlAs heterojunction is thus 0.16 percent
and, if Vegard’s law is obeyed,
at a GaAs-Al,Ga,-.As heterojunction is 0.16x
percent. This mismatchis small in comparison

the mismatch

to other known heterojunction systems; however,
it is large enough to produce finite interface
recombination velocities. The fact that this latt-
ice mismatch can be eliminated by adding Sb to
GaAs led to the measurement of recombination
velocity at a lattice-matched AlGaAs-GaAsSh
interfaceas well as at Al.Ga,-,As-GaAs interfac-
es. Electroluminescent time-decay and optical
phase-shift techniques were employed to determ-
ine the heterojunction-interface recombination
velocities, and a double-crystal X-ray diffracto-
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meter was used to measure precise heterojunction
lattice mismatch. Based on these data Al,Ga;-.
As-GaAs,-ySby solar cells can be optimized to
achieve maximum efficiency.

Methods to obtain the interface recombination
velocity are theoretically analyzed in Chapter II,
and relevant sample structures and techniques for
measuring effective lifetimes are discussed. Lig-
uid phase epitaxial (LPE) growth techniques,
including melt and substrate preparation and
procedures for growing double-heterojunction
(DH) samples, are described in Chapter III, foll-
owed by characterization of the grown lay ers.
In Chapter 1V, theoretical relations are derived
to determine both strained and strain-free lattice
mismatch between the epitaxial layer and the
substrate, assuming only two simplified lattice
defects (elastic lattice deformation and misfit
dislocations). Experimental results from AlGaAs-
GaAs and GaAsSb-GaAs interfaces are described
in detail. Schematics of the apparatus employed
to evaluate effective lifetimes using both optical
phase-shift and electroluminescent (EL) time-de-
cay measurement techniques are presented in
Chapter V.
are evaluated from best-curve {fits based on

Interface recombination velocities

heterojunction spacing and measured effective
lifetime for fixed bulk lifetime and minority
carrier diffusion length. Recombination velocities,
S=(2 to 3)x10* and (6 to 7) X10* cm/sec, were
achieved at (100) Aly s:Gao.1sAs5-GaAs and lattice-
matched Al 55Gao.15A5-GaAsy, 05555, 0015 heterojunc-
tion interfaces, respectively. A summary of the
significant aspects of this research and suggest-
ions for future study are included in Chapter
VL

2. INTERFACE RECOMBINATION
VELOCITY

Interface recombination velocity can be deter-
mined from the dependence of the minority
carrier lifetime on heterojunction spacing of
symmetrical double-heterostructure (DH) samples.
This is analogous to a semiconductor slab conf-
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ined by two surfaces of equal recombination
velociy (5,6,7].

A. Theory

A symmetrical Al,Ga,-.As-GaAs,-,Sb; DH sa-
‘mple is illustrated in Fig. 1. where Al comptos-
ition x and recombination velocity S are assumed
to be the same at both heterojunctions. It is also
assumed that (1) the sample is an infinite slab
.of extrinsic p-type, (2) external surface excitat-
jon is uniform throughout the illuminated heter-
and (3) the electron-hole
pairs are generated only near the interface. This
is true when the sample is excited by laser light
which has a photon energy larger than the band

-ojunction interface,

gap of the GaAs,.,5b, layer and smaller than
that of the Al,Ga,-.As layer.
level excitation assumed so that the injected mi-

In addition, low-

nority carrier (electron, in this case) density 4n
-is much less than the background hole density.
Possible effects caused by light reabsorption
with in the recombination region are neglected

1n this analysis.

(P)Al Gai. As  i(p)GaAs. Sb,

N
BRSNS

x=0 x=d

(p) Al Gay. As

TFig. 1 One-dimensional diagram of a Symmetrical
(p) AlGaAs-(p) GaAsSb DH Infinite” Slab.

The continuity equation of minority carriers
for the steady-state case and the relations for
the two boundary conditions at the interface

are
D, (d?dn/dz?)— 4% [7,=0 2.1)
and
—D,(dAn]dz) -4+ G,=8(dn) y-u (2.2a)
D, (dAn/dz) =o=S(4n) ;=0 (2.2b)

where D, is the diffusion constant of the min-
-ority carriers and r, is the bulk lifetime in the
p-type semiconductor. These quantities are relat-
ed to the bulk-electron diffusion length by L,=
(D,zo)t2 is included

in the boundary condition [Eq. (2.22)]) rather

The generation rate G,

than in the continuity equation, for simplicity.
In this analysis trapping was not considered.

From the solution of Eq. (2.1), the excess
minority carrier density is [5,6)

(@) =G,/ d) (d /2Ly x —rsai i oSt (/L)

{(8d/2D,)*+(d/2L,)%}

+(S8d/D,) sinh(z/L,)
sinh (d/L,)+(8d/2D,)(d/L,) cosh(d/L,)

2.3)

With the following definitions,
21= D #l2)dz=(G,/d) tui
§=SL,/D,

Eq. (2.3) can be simplified to

sinh (d/L,)+(cosh (d/L,)—1)
(¢*+1) sinh (d/L,)+2¢ cosh (d/L,)

2.9

(tets/T0)=

where

dn=average injected minority carrier density

ress=effective minority carrier lifetime

¢=normalized interface recombination velocity

When d<L, and £<1, Eq. (2.4) reduces to
(1/7eis)=(1/7)+(25/d). Figure 2 is a plot of the
normalized effective minority carrier lifetime
t.1s/70 as a function of the normalized heteroju-
nction spacing d/L, for various values of &.

Figure 2 implies that, if z, and L, are known,
the interface recombination velocity can be dete-
rmined by curve fitting (8,9] from the measur-
ement of the effective minority carrier lifetime
and heterojunction spacing. It also shows a redu-
ction of 7. with decreasing values of d.

B. Measuring Techniques

As discussed above, when r, and L, are kno-
wn, the interface recombination velocity can be
obtained from the dependence of effective min-
ority carrier lifetime on the heterojunction spac-
ing of symmetrical DH samples. The next prob-
lem is to select measuring techniques that are
available and feasible among the existing instr-
uments for determining effective minority carr-
ier lifetimes.

Several available techniques include electrolum-
inescent(EL) time decay [6,7,8], pulsed reverse-
bias recovery [10,11], current decay from pulsed
laser beams [12], and optical phase shift [13,
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141. Among these, EL time-decay and optical
phase-shift techniques were chosen, and the p-
p-p and p-p-n DH samples were used for the
optical and EL measurements respectively. Effe-
ctive minorify carrier lifetime can be directly
deter mined from EL time-decay measurements
but only indirectly from optical phase-shift mea-
surements (see Chapter V for additional details).
The heterojunction spacing d was determined
with a conventional optical microscope after sta-
ining the cleaved edges of the samples.

C. Sample Structure

Figure 3 presents energy-band diagrams of the
test samples. Figure 3a is the energy-band diag-
ram of a p-p-p DH sample, and Figs. 3b and 3c
apply to unbiased and biased p-p-n DH diodes.
A similarity can be observed between(a) and (c),
especially in the p-p-n DH diodes when the (p)
GaAs [or (p) GaAsSb] layers were more heavily
doped than the (n) AIGAAS layers. In this case,
it can be assumed that the depletion region (ap-
proximately 0.1 gm in thickness) at the p-n jun-
ction is located inside the (n) AlGaAs layer and
that the electron-hole pair recombination rate
caused by space charge is thus minimized.

DH samples with various heterojunction spaci-
ngs (0 to 15 um) were prepared by liquid phase
epitaxial (LPE) growth techniques on the GaAs
substrates. Details regarding LPE crystal growth
are discussed in Chapter IIL In this study, the
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Fig. 3 Energy-band Diagrams of DH dhsamples.
(a) p-p-p DH Sample, (b) p-p-n DH diode
under no bias, and (c) p-p-n DH diode
under forward bias.

Al composition x of the Al,Ga, ,As layers was
set at x=0.85. The corresponding band-gap en-
ergy is ~2.05 eV Although attempts were made
to grow Al,Ga,-.As layers with =1 so as to
increase the speciral response of the solar cells
at shorter wavelengths, the surface morphology
of the higher Al ccmposition AlGaAs layers
degraded in a short time. Both Al s:Gao.1sds-
GaAs and latticematched Aly,ssGao.1545-Gads, -y
S&, DH samples were prepared for evaluation.

3. LIQUID PHASE EPITAXIAL GRO-
WTH

A. Growth Technique

The growth conditions have been determined
for preparing Al.Ga,-.As and GaAs, ,Sb, single
crystals with specified values of x and y. These
values were controlled by adding known amounts
of Al or Sb to As-saturated Ga melts. Figure 4
is a diagram of the horizontal sliding-boat LPE
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Fig. 4. Horizontal Sliding boat LPE Growth

System.

growth system (vacuum tight) used in this study
and described in detail by Cheung [15). The
samples were grown in flowing H, at atmosph-
eric pressure. The growth temperature was 850°
to 820°C, and the cooling rate was 0.2 or 0.4°
C/min. All p-type layers were doped with Ge(p=
2 to 5x10¥/cm?® in GaAs and GaAsSb and =1x
10*/cm?® in AlGaAs) [16, 17, 18). All n-type
layers were doped with Sn (#<10'"/cm32in AlG-
adAs [16, 19].

1. Melt and Substrate Preparation

The GaAs, AlGaAs, and GaAsSb layers were
grown by LPE in the Ga-rich corner of the tern-
ary -phase diagram. Six 9’s pure Ga melts were
first baked out in flowing H, at 800°C for 12
hours to remove volatile contaminants such as
oxygen, and then an undoped polycrystalline
‘GaAs wafer, pure Al, pure Sb, and dopants were
added as required.

To ensure melt saturation and to reduce oxide
contamination, an undoped GaAs wafer, larger
than actually required to saturate the melt at the
growth temperature, was placed on the top of
each melt. Either Te-or Cr-doped (100) and/or
(111)B GaAs substrates (14 mils thick) were loa-
The Te-
doped GaAs substrate had a carrier concentration

ded in the recess adjoining the melts.

of approximately »=2xX10%/cm?

- Before loading into the system, all the materials
were successively degreased by trichloroethylene,
acetone, and methanol in an ultrasonic bath and
then soaked in HCI for three minutes to remove
surface oxide. Following this procedure, special

care was taken to avoid exposing the materials
to air. They were thoroughly rinsad in methanol
several times by dilution the HCI solution with
methanol and then in hot electronic-grade isopr-
opyl-alcohol and blown dry using filtered N,
before loading. During preparation, the substra-
tes were held by an especially designed quartz
tweezer to avoid surface damage during the
cleaning process

2. Growth Procedure

Previous growth techniques were modified[15,
20] to improve the surface morphology of as.gr-
own multiple layvers by reducing the lateral spa-
cing between the GaAs and the AlGaAs melis.
This reduction lessens the time when the substr-
ate is exposed to the H, flow during transfer
from one melt to the next. Growth procedures
for p-p-p and p-p-n DH samples will be described
using the diagram of the graphite boat in Fig.
5. After loading, the system was purged with
H,, pumped to less than 1 Toor, and then back-
filled with H, at a flow rate of 120cc/min.
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j
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B, penen LA ogvotho s oosten

Fig. 5. Sliding Graphite-boat Growth System.

Inthe p-p-p DH growth,AlGaAs and GaAs (or
GaAsSb) melts were prepared, and the GaAs subs-
trate was loaded in the recess next to the AlGa-
As melt. After the temperature controller was
turned on at the initial growth temperature (0.4°
C/min cooling rate), the top plate was pulled
from the starting position to the left to grow the
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first AlGaAs layer, pulled to the left a second
time to grow the GaAs (or GaAsSb) layer, moved
to the right to grow the second AlGaAs, and
then was returned to the starting position.

In the p-p-n DH growth, two AlGaAs (one
Sn-doped, and the other Ge-doped) and one GaAs
(or GaAsSb) melts were prepared. The procedure
was similar to the p-p-p DH growth except that
the top plate was pulled successively to the left
to grow the three layers, after which the furn-
ace was removed and the inlet and outlet valves
were closed. When room temperature was reac-
hed, the system was returned to its starting
position by moving the top plate to the right.
The reason for this last procedune is to intenti-
onally grow a thin GaAs layer on the top of the
second AlGaAs layer because Al in the grown
layer depletes during the cooling process An
ohmic contact to this GaAs layer is esaily made.

B. Solidus Composition of Grown Layers

Solidus cpmpositions of the grown AlGaAs and
GaAsSb layers were determined by standard ele-
ctron-microprobe analyses. Both (100)~ and (111)
B-oriented GaAs substrates were used. Thicknes-
ses of the epifaxial layers were several microm-
eters, and the accelerating voltage in the electron
microproﬁe was 10 keV.

1. Al Composition

Figure 6 plots the solidus Al composition in
Al Ga,-As single ‘layers as a function of the
weight ratio W/ We. in the melt. For example,
crystals with x=0.85 were grown at 840°C,
using an Al/Ga weight ratio of 9.8x107%in the
As saturated melt.

Two sets of samples were grown at different
temperature ranges. Higher Al compositions were
obtained at the lower growth temperature for a
given weight ratio because of a higher distribu-
tion coefficient of Al at the lower temperature
(see Table 1). In addition, the Al distribution coe-
fficient, at a fixed growth temperature, increased
when the Al/Ga weight ratio in the melt decre-
ased. The same Al composition was obtaine on
both (100)-and (111)B-oriented GaAs substrates
when grown simultaneouslyZfrom the same melt.

BRBG H28% F AW 1979 47

10 s
2 - ]
4 ~ pt ;
2 A
¥ cg- /
Y "
Eor V4 |
% 08}~ 7 :
2 T / !
E0s- o/ GROWTH TEMP
5 - // » £800-7802°C
Z & A 840-320°C
go— 4 |
2 _ v4 i
OOE / 1 1 !
i0* 16 10

WEIGHT RATIO OF Al TO Ga IN THE MELT
Solidus al composition in LPE AlGaAs
layers vs weight ratio of al to Ga in
the melt. Two growth temperature
ranges are shown.

Fig. 6.

Table 1 GRrowth data of LPE AlGaAs Single
layers
Sample | Melt Weight| Al Compo-| Al Distribut-
Ratioc Wu/ | | ion Coeffici-
No. Wea(Xx1073) | sition x ent D*
T¢=840 to 820°C
201B 1.057 0. 299 109.5
201A 2.199 0.520 91.55
152X 4.665 0.738 60. 99
140Y 9.731 0.851 33.39
Tc=800 to 780°C

113] .0.202 0.06 115.2
114 ] 0,426 0.14 127.3
115] 0.689 0.23 129.2
116 1.087 0.37 131.7
117 ] 1.629 0.49 116.4
1187 2.481 0.63 98.3
119] 3.762 0.75 77.2
1207 6.579 0.86 50.6
121] 13.390 0.93 26.9

+D is the ratio of the atomic fraction of the
substituting element in the crystalline solid to
that in the liquid melt.

This impslie that the distribution coefficient of
Al is independent of substrate orientation.

2. Sb Composition ‘

Figure 7 plots the solidus Sb composition in
GaAs,_ySby single layers as a function of the
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Fig. 7.

weight ratio Ws,/ W, in the melt at a growth
temperature of 840 to 820°C. The antimony com-
position varied from y=0 to y=0.03. Detailed
growth information is listed in Table 2. Data
points are somewhat scattered because of unce-
rtainty in the Sb compositions. Antimony conce-
ntration profiles of very thick (30um) GaAsSb
single layers, along cleaved edges, indicated
that Sb concentration is constant with depth.

When GaAs;.,Sby layers were grown simulta-
neously on both (100)-and (111)B-oriented GaAs
substrates from the same melt, a higher Sb
composition y was obtained on the (111)B subs-
trate. For example, at a weight ratio of W/
Wea=0.13, y=0.015 and 0.024 on the (100) and
(111)B substrates, respectively. The correspond-
ing Sb distribution coefficients are D=0.21 and
0.34. These observations reveal that Sb has a
‘higher distribution coefficient on the (111)B-
oriented substrates (see Table 2).

It can be seen in Figs. 6 and 7 that Al,Ga,..
As-GaAs,-sSby double-heterojunction samples can

Table 2. Growth data of LPE GaAsSb single
layers

Melt Weight’ Sb Compo-| Sb Distribut-
Ratio W/ | ion Coeffici-
No. Weeo (x10°2) | sition y ent D

Sample

(100) Orientation

203 0. 0069 0.050 0.241
155X 0.0129 0.120 0.188
153 0.0133 0.125 0.186
206 0.0155 0.130 0.208
154X 0. 0251 0.263 0.167
(111)B Orientation
122Y 0. 0027 0.017 0.277
125X 0. 0056 0.028 0. 349
123Y 0. 0082 0.040 0. 358
123X 0.0126 0.060 0.367
124X 0.0174 0.074 0.413
124Y 0. 0206 0.101 0. 356
205 0. 0250 0.130 0.336
154Y 0. 0300 0.263 0.199

be grown with a wide range of Al and Sh
compositions,

C. Layer Characterization

Figure 8 is a series of photomicrographs of
the surface morphology of undoped as-grown
single layers (several pm in thickn‘ess). The first
two layers (Figs. 8a and 8b) were grown on
(100)-oriented GaAs substrates, and the second
two layers (Figs. 8c and 8d) were grown on (111)
B-oriented GaAs substrates. The surface morph-
ology of the InGaAs layer was very poor, and
the layer could be grown on only (111)B-oriented
GaAs substrates(21, 22, 23, 24]. The surface
morphology of the others was very good.

At the beginning stage of this research, InGa
As layers were grown to provide a zero misma-
tch with Al s:Ga..;54s. This work was abandoned
altshough the InGaAs layer had better solar-cell
spectral response at long wavelengths (4, 25]
than did the GaAsSb layers when lattice-match-
ed with Al Gas,s4s. Poor surface morphology
of the InGaAs LPE layers grown in the Ga-rich
corner of the ternary phase diagram was the
result of inadequate wiping of the melt [26].
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Fig. 8. Photomicrograbhs showing. surface morphology of As-grown LPE single layers.

The surfacé morphology of the AlGaAs-IniGaAs
DH samples was even poorer, N
-‘Figure 9 shows the cross section of an Al s
Gay,;5As-GaAs DH sample and its Al line profile
as recorded by the electron-microprobe analyzer.
The sample was grown on a (100)-oriented GaAs:
‘Te substrate and cleaved with a diamond scriber.
The cleaved edge was stained in a PA solution
(3 drops NH.OH+200ml H,0,: PH=7) for 10 min
and rinsed in methanol [27, 287. It can be obs-
erved that all the
parallel. The layer thicknesses, from left to
right, are 5.0, 6.6, and 5.8um, respectively.
The electron microprobe had a 10.0 KeV acce-
lerating voltage, and the effective diameter of
excitation at this voltage was approximately 6
pm. The line profile, which is a reproduction of
the original recrding, was wused to determine

interfaces are straight and

tHe ~ Al - composition k- of the AlLGa,.,As
layef51 by standard miéroprbbe analyses. A value
of 2=0.85+0.01 was obtained from the two
layers. )

Figure 10 is the PL spectra of the sample in
Fig. 9 at room and LN, temperatures. A 6471 A
The PL
output is from the GaAs: Ge layer only. The
band-gap energy of GaAs: Ge shifted from 1. 4285
eV at 300K to 1.5083 eV at 77K. Although only
one peak, caused by band-to-band transitions,
was observed at 300K, two additional peaks are

Kr-ion laser was used for excitation.

seen at 77K resulting from transitions from Ge
impurity levels to the conduction band. The
activation energies of these two acceptor levels-
are 28.5 and 68.7 meV [29,30].

The sharp PL spectrum at 77K indicates that
there was almost no Al concentration gradient
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2. Photomicro-

at the heterojunction niterface. Precise measur-
ements by Auger analysis revealed that the int-
erface-transition width was approximately 210 A
(a nearly abrupt heterojunction) and that there
was no detectable cross diffusion of Al (or Sb
in the AlyssGao.1sAs-GaAs,.;Sby DH samples) at
the interface. Additional details c¢f the
measurements have been reported {31,322,

Auger

Figure 11 is a cross section of the(100)-oriented
Alg,“GamISAS-GaASg_“sSbo.oxs DH diode.
no energy barrier for majority carriers existed,

Because

both p-p and n-n heterojunctions were ohmic.
The substrate side of the as-grewn sample was
lapped to reduce the total thickness to less than
7 mils, The Au+12% Ge: Ni and Au+ 10% Zn
alloys were evaporated onto the n-type substrate
and the p-type GaAs layer, respectively, and
were then alloyed at450°C for 5 min to form
ohmic contacts. After they were cleaved into
smzall pieces (usually less than 2xlmm?), each
diode was mounted on a TO-5 header.

Figure 12 shows the I-V characteristic curve
and EL output of the above diode at 300K. In
the I-V curve, a threshold volfage of approxim-
ately 0.9V and a breakdown voltage of 5V were
obtained in the forwardand reverse-bias direc-
tions, respectively. It was observed that the brea
kdown voltage of GaAs (or GaAsSb) homojunc-
tion diodes was generally severaltimes higher
than that of the DH diodes. The EL output was
obtained at a current density of 35 A/cm? At
the low current-density level, the EL peak (A=
9195 A) was located at a longer wavelength than
was the PL peak (1=8973A) for the same amo-
unt of Sb (¥=0.015), When the current density

was increased. the EL peak moved to a shorter
wavelength.

Figure 13 shows the arrangement used for
measuring minority carrier diffusion length with
a scanning electron microscope in the induced-
current mode: semi-log plots of induced-current
vs beam position are included. For additional
details, see Refs. 20,33,and 34. A (100)-oriented
Al 1sGao. s As-GaAse.ossSbo.0s DH diode (see inset)
was used to measure the diffusion lengths in
both the (p)GaAsSb and (n) AlGaAs layers. The
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Fig. 11. Photomicrograph of stained cross section
DH diode.
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Fig. 12. (100)‘01'1&11 ted Alo.,sGaD.lsAs-GaAso,",Sbo.015 DH diode.

corresponding carrier concentrations were (2 to
5)%10"/cm® and 510Y/cm?,
electron beam energy for the measurements was
25 keV. The inset at the bottom of Fig. 13 is
an induced-current trace superimposed on the
secondary emission image, and the position of
the p-n junction is identified from the peak of
this trace. The minority carrier diffusion lengths
obtained from the slopes of the straight-line
regions in the semi-log plots were L,!I1.49 pgm
and L,=0.73um. The exceptionally short lengh
of L, [24] may be the result of the cross-hatch-
ed patterns always observed on (100)-oriented
GaAsSb layers (see Fig. 14). The minority carri-
er diffusion lengths of Ge-doped GaAs layers

respectively. The

were not measured in this study; instead, L,=
12um obtained by Ettenberg et al (6] was used
in the evaluation of interface recombination ve-
locity at an AlGaAs-GaAs interface as described
in Chapter V-

Symbols

a; lattice constant of epitaxial layer (&)

a's strained lattice constant of epitaxial layer
parallel to substrate surface (A)

as* strained lattice constant of epitaxial layer
perpendicular to substrate surface (A)

a, lattice constant (&)

a, lattice constant of substrate (3)

C real quantity

(320)
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Al Ga,~yAs-GaAs;-ySby Solar Cells
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Fig. 13. Scanning electron microscope induced-
current mode and semi-log plots of
induced-current VS beam position.

C’ real quantity

D distribution coefficient

D, diffusion constant of electron minority carr-
iers (cm?/sec)

d double-heterojunction spacing (xm)

E Young-s modulus

E; Fermi energy (eV)

E,; band-gap energy (eV)

G, electron-hole generétion rate (parirs/cm3-sec)

I, electron beam-induced current (nA)

L, minoritycarrier(electron) diffusion Iength{uzm)

L, minority carrier (hole) diffusion length (zm)

S interface recombination velocity (cm/sec)

T¢ growth temperature (°C)

Wa weight of Al in melt (gm)

Wea weight of Ga in melt (gm)

W, weight of Sb in melt (gm)

x mole fraction of AlAs in AlGaAs ternary
compound.

y mole fraction of GaSb in GaAsSb ternary
compound

a thermal-expansion coefficient (1/°C)

(321)
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Fig. 14. Photomicrograph of surface morphology
of As-Grown (100)-oriented Al;.sGao.ss
AS~GGASQ_935Sbo,015 DH diode.

da strain-free lattice-constant difference betw-
een epitaxial layer and substrate (A)

dn excess minority carrier (electron) density
(cm™)

di average excess electron minority carrier de-
nsity (cm™?) ‘ '

da* perpendicular strained lattice-constant diff-
erence between epitaxial iayei' and substrate
(A)

da" parallel strained lattice;constant' difference
between epitaxial layer and substrate (&)

40 angular difference caused by difference of
lattice spacing normal to the substrate surf-
ace (sec)

40, separation angle between between K., peaks
of substrate and epitaxial ayler (sec)

40, same quantitity as above, measured after
rotating the crystal by 180° around the nor-
mal to the substrate surface (sec)

¢* strain perpendicular to substrate surface

e strain parallel to substrate surface

0 phase difference (degree)

fz Bragg’s angle (degree)

A wavelength (A) \

verr effective Poisson ratio ’ S

¢ normalized interface recombination \'elocify

o+ stress perpendicular to substrate surface

o' stress parallel to substrate surface

z.it effective minority carrier lifetime (nsec)

7, bulk lifetime (nsec)

o angular frequency of a pulsed laser



