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The Recombination Velocity at III-V
Compound Heterojunctions with
Applications to Al,Ga,.As-GaAs,,Sh,
Solar Cells
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4. Strained and Strain-Free Lattice
Mismatch

When heteroepitaxial layers are grown, two
iyper of defects [35,36,37] can usually be obser-
ved because of differences in the lattice consta-
nts and thermal expansion coefficients (see Fig.
15) In this chapter, the resulting bending[38] of
the wafer and lattice defects introduced during
growth (stacking faults) [35] are neglected.
Attention is focused only on methods for obtai-
ning the relative lattice mismatch between the
heteroepitaxial layer and the substrate.
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Fig. 15. Defects at heterojunction interfaces.
“I" indicates the epitaxial layer-substr-
ate interface.

If there are no misfit dislocations at the hete-
rojunction interface, the lattice mismatch is reli
ved by elastic lattice deformation of the epitaxial
layer, caused by stress at the interface, in which
the spacing of the lattice planes normal to the
growth surface does not change, but the spacing
of the lattice planes parallel to the growth sur-
face expands or contracts. In other words, the
Jattice constant of the epitaxial layer becomes
uniform along the growth direction and much
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of the elastic strain resulting from the lattice
mismatch remains in the layer. It has been re-
ported [36,37,39,40,41] that in cubic and zincb-
lende III-V compounds, the lattice of the epita-
xial layer can be *“tetragonally™ deformed on
(100) substrate orientations but “rhombohedrally”
deformed on (111) substrate orientations.

When the lattice mismatch cannot be relieved
by elastic lattice deformation, however, a misfit
dislocation array (unidirectional or cross hatched)
[35] is produced and most of the strain is relie-
ved in the vicinity of the interface. The epita-
xial layer is closer to perfect crystalline struct-
ure when misfit dislocations are present. Recent
studies _35,42] demonstrated that Ilayer-strain
energy and the generation of interfacial misfit
dislocations at the growth temperature are fun-
ctions of lattice misfit and layer thickness.
Thick layers or a large misfit cause cross-hatc-
hed dislocations.

Fig. 16. Deformed and undeformed lattices of
an fpitaxial layer on an undeformed
substrate.
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In both defects illustrated in Fig. 15, the rel-
cative lattice mismatch between the epitaxial lay-
.er and substrate can be obtained directly from

measurements of the separation angles between
-the K,, peaks in X-ray diffraction profiles (so
called “rocking curves”). A method is derived be-
low, based on the generalized diagram in Fig. 16,
-to obtain lattice mismatch and lattice constants.

In Fig. 16, a, is the lattice constant of the
. substrate, a;* and a;'' are the strained lattice
. constants of the epitaxial layer perpendicular

and paralled to the substrate surface, and ey is
-the lattice constant of the epitaxial layer in
- the stressfree state. For convenience, these par-

ameters are defined as de*=a,"—a,, da''=a;"'—a,,

.and da=as—~a.. It has been observed 37,39,40]
: that, in elastic lattice deformation,
da* (da') g 4.1)

a, a,

If 46, is the separation angle between the K,
-peaks of the substrate and epitaxial layer and
-if 46, is the same quantity measured after rota-

ting the crystal by 180° around the normal to
.the substrate surface, the angular difference
«caused by the variation in lattice spacing 46, is

_ 46,46,
=2 4.2)

In this measurement, 40,246, principally bec-

Pl P

;ause of misorientation of the substrate itself.

The difference in lattice spacing de™ was det-

. ermined through the following equation Whi(ih
- was obtained by differentiating Bragg’s law:

da*

~where 05 is the Bragg angle.

=—cotfg A0g 4.3)

From the stress-strain relationship of a cubic
..crystal, the following equations (see the Appen-
. dix for their derivation) are obtained by assum-
.ing o,,=0yy=0c¢'"" and s,,=0=0:
E

0'“1’5” = " (4’4)
.and
=c! _1_12;7': (4.5)

where ¢ is the stress and e is the strain, and
.E and v, are Young's modulus and the effective
+Poisson ratio, respectively. The elastic constants

of the layer and the substrate are assumed to
be equal [38]. The strains ¢'' and e*are expressed
in terms of da*/a,, da''/a,, and da/a, by

et ast—ay __da*—da ~ da* _ da
ar ar a, Qs
and .0
€= ar''—ay _ da'"—da __ da'' _ da
as ay a, a,
4.7)
From the Egs. (4.1),(4.5),(4.6), and (4.7),
o 2.y da* . 2. da
¢ 1+vegs a,  l-vge a, 4.8

The strain-free relative lattice mismatch can be
expressed from the above as

da _ 1—v; da*

a, I+vers a,

4.9

The strained and strain-free lattice mismatches
(4.3) and (4.9),
(da/a,)=
—cotfyx 48 and no effective Poisson ratio is in-
volved.

have been obtained from Egs.
respectively. For misfit dislocations,

A. Experiment

The separation angles between the K, peaks
were precisel measured by an X-ray double-cry-
stal] diffractometer. The X-ray target was Cu,
and the first crystal was dislocation-free (100)
Si. To provide a highly parallel incident beam
to the specimen, CuK,, radiation was cut off
with an appropriate slit after the(400) reflection
of the first crystal, and i(CuK,,)=1.54051 A,
The X-ray penetration depth was estimated to
be smaller than 20 gm.

Both (100)-and (111)B-oriented GaAs substrates
were used to grow epitaxial layers, and measur-
ements were made at room temperature on the
(400) and (444) planes, respectively, for the best
precision. The Bragg angles were 33.02° and 70.
72° for the (400) and(444) reflections of GaAds
(a,=5.6532A). The thicknesses of the substrates
were approximately 350pm, and the thicknesses

of the epitaxial layers were 1 to 4 zm.
1. AlGaAs-GaAs Interface

Additien of Al to the GaAs melt increases the
lattice constant of the AlGaAs crystals as com-
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pared to GaAs. LPE Al.Ga,.,As single layers
were grown at 840° to 820°C on both (100)-and
(111)B-oriented GaAs substrates as the amount of
Al in the melt was changed (see Chapter III).

The Al composition =z was independently eva-
Juated by an electron-microprobe analyzer. As
discussed in Chapter III, the desired values of
z were obtained by changing the weight ratio
of Al to Ga in the melt (no normalization was
used). Figure 17 presents typical X-ray diffract-
ion profiles, and the resulting data are summar-
ized in Table 3. Although the theoretical value
of full width at half maximum (FWHM) of the
rocking curve for a perfectly flat sample is 8.5
seconds, approximately 23 and 143 seconds were
observed for (400) and (444) reflections, respec-
tively.
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Fig. 17. X-Ray Diffraction profiles of LPE
Aly.5sGao.sAs layers grown on (100)-
and (111)B-oriented GaAs substrates.

Figures 18 and 19 plot the measured strained
lattice mismatch and the corresponding individ-
ual lattice constant as a function of Al composi-
tion. The results are consistent with the linear
behavior predicted by Vegard’s law. The best fit
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Table 3 Experimental data obtained from Ilat-
tice-constant measurements of AlGaAs
single layers

Sang.) le Com%lsition A(a;/l‘(z)i) &)
HP1 0.130 3.953 5.6544
HP2 0.213 6.415 5.6551
HP3 0.249 7.310 5.6554
HP4 0.282 8.354 5.6557
HP5 0.308 9.398 5.,6560:
HP6 0.384 11.114 5.6565

117] 0.489 14.023 5.6574
118] 0.627 17.603 5.6584
119] 0.751 20.512 5.6593
09 0.783 21.556 5.6596
140X 0.851 24.018 5.6603-
206 0.846 24.34 5.6604-
73 0.899 25.24 5.6607
50 0.939 25,84 5.6609
201B* 0.299 7.375 5. 6560
201A* 0.520 12.110 5.6579
152X+ 0.738 15.941 5.6395
1407+ 0.851 17.943 5.6603

+These samples are grownon (111)B GeAs subst-
rales; all others are on (100) GaAs substrates.

for (100)-oriented Al.Ga,-,As epitaxial layers:
was obtained as (da*/a,)(Al.Ga,-.As)=(3.54X
1075) +(28.06 10 *)2. Although v.;=0.312 [42]
was adopted for the (100) GaAs substrate orien-
tation to determine the strain-free lattice mism-
atch, ve;=0.190 was estimated for the (111)B:
substrate orientation from the ratio of strained
lattice mismatch between (100) and (111)B orien-
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Fig. 18. Strained Lattice Mismatch Between the
Al Ga,-,As epitaxial LaY¢r ard the
GaAs Substrate at 300K as a Function

of Al Composition z.
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tations (see Fig. 18). Although one theoretical
estimate [42] indicated »=0.303 for (111) GaAs
orientation, no other experimental data are ava-
ilable.

To attain individual lattice constants from
the strain-free lattice mismatch (Fig. 19), a,
(GaAs)=5.6532A was assumed. It should be
emphasized that, for multiple-layer structures,
a double-crystal diffractometer yields only prec-
ise lattice mismatch. In the best-fit curve in Fig.
19, a,(Al,Ga,;-,As)=5.6532-+0. 0084xA which is in
good agreement with the result obtained by Es-
top et al [38].

It should be noted that Al,Ga,-.As-Al,'Ga;-," As
(z>z') double-layer samples have the same sep-
aration angles as those in single layers grown
from the same melts. In other words, there is
no shift in the separation angle caused by the
interaction between the epitaxial layer and the

substrate.
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Fig. 19. Strain-Free lattice constant of Al.Ga;-.
As single layers on different substrate
orientions as a function of Al compos-
ition z. T=300K.

In conclusion, AlGaAs epitaxal layers showed
only elastic lattice deformation regardless of GaAs
substrate orientation. The reason for this is that
there is almost a zero-lattice mismatch between
the AlGaAs layer and the GaAs substrate at the
growth temperature (see Fig. 22).

2. GaAsSb-GaAs Interface

Just as in the Al,Ga;-,As ternary compound,
the addition of Sb to GaAs causes an increase
in the lattice constant. LPE GadAs,-ySby single
layers were grown at 840° to 820°C on both

(100) and (111)B GaAs substrates by changing
the amount of 86 in the melt (see Chapter III).
Although the surface morphology of layers gro-
wn on (111)B substrates appeared smooth, the
surfaces of most (100) samples displayed cross.
hatched patterns as the result of misfit disloca--
tions at the interface.

Assuming that the cross-hatched pattern indi-
cates no elastic lattice deformation, v.;; was set
equal to 0 for a (100)-oriented layer; in other
words, strain-free lattice mismatch can be obta-
ined directly from the separation angles of the-
In (111) B-oriented.
the same effective Poisson

X-ray diffraction profiles.
GaAs substrates,
ratio (v.::=0.190) as in AlGaAs layers was used,.
assuming that the elastic constants of the layer
and the substrate are equal [38]. The data
resulting from these measurements and analyses:
are summarized in Table. 4. As observed in Ch-
apter III, the data points somewhat scattered
because of uncertainty in the Sb compositions.
Figure 20 plots the strain-free lattice constants:
of GaAsSé single "layers grown on (100) and
(111)B GaAs substrates as a function of Sb com-
position. Two Interesting results are observed.
The first is that, when 2,(GaS5)=6.09594A, both.
(100) and (111)B GaAsSb layers deviate slightly
from Vegard’s law. The other is that lattice-ma-
tched Aly.esGao.isAs-GadAs,-ySby double layers can
be grown at different S& compositions, depending-
on substrate orientation; namely, (100) Al ,:Ga
0.15A5GaAsg.09580.015 and (111)B Al 4:Ga,.15As-Ga A
So.9765b0.024 double-heterojuncticn samples with
zero lattice mismatch were grown from melts.
with a weight ratio of Ws,/W;,=0.13 and a gro-
wth temperature of T¢=840 to 820°C. These sam-
ples were used in evaluating the measurements.
of interface recombination velocity as described
in Chapter V. Fignre 21 is the X-ray diffraction
profile of a lattice-matched Al,.s:Gao.1sA5Gads
0.0769D0.024 double layer grown on a (111)B GaAs
substrate. The AlGaAs and GaAsSh K., peaks
cannot be resolved because of the extremely clo--

se lattice match.
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“Table 4. Experimental data obtained from lat-
tice-constant measurements of GaAsSb
single layers

Sample| Cofr[l)po- da*/a, dala, a,
No. Si“y"“ (x109 | (%109 ()
203 0.0069 — 6.04 | 5.6566
155X | 0.0129 — | 11.97 | 5.6600
153 0.0133 — | 12.18 | 5.6601
.206 0.0155 — | 13.27 | 5.6607
154X | 0.0251 — | 22.26 | 5.6658
122Y% 0.0027 2.33 1.58 | 5.6541
125X+ 0.0056 4.16 2.83 | 5.6548
12374 0.0064 6.15 4.18 | 5.6556
203+ 0.010 8.44 5.74 | 5.6564
123+ | 0.0098 8.90 6.05 | 5.6566
129+ | 0.0098 | 11.15 7.58 | 5.6575
155Y* 0.0181 13.94 9.48 | 5.6586
161L%| 0.0218 | 16.45 | 11.19  5.6595
124y* 0.0166 | 15.08 | 10.25  5.6590
202B* 0.0249 | 19.8¢ | 13.49  5.6608
005+ | 0.0250 @ 18.76 | 12.76 | 5.6604
154y+  0.030 | 3402 | 23.13 ‘ 5.6663

~+These samples are grown on (111)B GaAs sub-
strates; all others are on (100) GaAs substrates.
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Fig. 20. Strain-Free Lattice Constants of Gads
14358, Single Layers on Different Subs-
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“Pig. 21. X-Ray Diffraction Profile of Al,.ssGav.is
AsGaAse.e16Sbo.024 Double Layer Grown
on (111)B GaAs Substrate. T=300 K.
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In the above analysis of GaAsSh layers, elas-
tic lattice deformation or misfit dislocations
were assumed. In reality, both conditions may
occur simultaneously [43], which would produce
another uncertainty in addition to the microprobe
analysis errors.

Althought misfit dislocations in (100) GaAs;-»
Sby layers are assumed, the results from the
double layers (see Table 5) reveal that they cou-
1d be either elastic lattice deformation {sample
D204) or misfit dislocations (sample D203). In
addition, lattice constants obtained from the
double layers are slightly different than those
from single layers, which may be the result,
in part, of the uncertainty in ves:.

Table 5. Experimental data of lattice constant
measurements of Aly.;sGa,.1545-Gads,-ySby
double layers

56
da*/a, | da/a, ‘ Qo
Sample No. SCi:toig;lpO-
S (x10%| (x10% | (A)
D203 AlGads| o gosd 2327 12.20| 5.6601
GaAsSb 5.90/ 5.6565
p2og+AlGads | g o1 17.86 12.15 5.6601
GaAsSb 712 4.84 5.6559
D204 AlGads| o g5l 22.02¢  11.55| 5.6597
GaAsSh
D206+AlGaAs | o ocl 17.64%  12.00] 5.6600
GaAsSb
D155z +AIGadAs | 0.0218 18.947 13.30, 5.6607
GaAsSh

+Elastic lattice deformation and misfit disloca-
tions were assumed in the AlGaAs and GaAsSh
layers, respectively.

*These separation angles are not resolvable.

B. Discussion

During the analysis of the data, the effects
of instrumental broadening (divergence of the
beam, focal-spot size, slit width, and spectral
width of the X-ray emission wavelength), dislo-
cations and mechanical surface damage on the
X-ray diffraction profile were not taken into
account. Actually, FWHM increases with incre-
asing curvature and dislocations. Although abso-
lute values of the lattice constants could not be
obtained, the precise separation angle between
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the two K., peaks could be measured. The error
in the separation angle caused by the thicknes-
ses of the epitaxial layers was negligible.

The above X-ray measurements in Tables 3
and 4 were made on undoped A{GaAs and GaA-
s8b single layers. As a reslut, there may be
an additional lattice mismatch on the actual devi-
ces caused by the doping of epitaxial layers[36].
Recently, Schiller [41] observed that AlGaAs
layers grown on (111)A-oriented GaAs substrates
had slightly lower lattice constants than those
on (100) becausehe assumed the same -elastic
constants (E/1-v) for both (100) and (111)A orie-
ntations.

Figure 22 plots variations of the lattice cons-
tants of GaAs, Alo.ssGasisAs, and GsAsy.ess580.015
over a 0 to 1000°C temperature range where the
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Fig. 22. Variation of Lattice Constants of GaAs,
Als.ssGao.15As and GaAs.s580.015 Over
the Temperature Range of 0 to 1000°C.
It was assumed that a,(GaAs)=5.65324,
a(AlAs)=5.6622 A, and a,(GaSb)=6.0959
A at 300K. It was also assumed that «
(GaAs)=6.63x10-¢/°C[447, a(AlAs)=5.20
x107¢/°C [45], and «(GaSH)=6.70x10
¢/°C [46] over the entire temperature
range.

thermal expansion coefficient & of the ternary
compounds is assumed to follow a linear relatio-
nship between those of the two end binary com-
pounds. As has been discussed, AlGaAs epitaxiaF
layers showed elastic lattice deformation only
the lattice
AlGaAs layer and GaAs substrate became almost-
zero at the growth temperature. The Al,..sGao.1a-

because mismatch between the

As-GaAso.0155b0.015 layers, however, showed large
lattice mismatch at the growth temperature alt-
hough the mismatch became zero at room temp-
erature. The large lattice mismatch between Ga
As 9855b0.015 and GaAs at the growth temperature
can explain the cross-hatched pattern observed
on (100) GaAsSH epitaxial layers. No explanation:
can be made why elastic lattice deofrmation was
observed on (111)B GaAsSb epitaxial layers.
Although the lattice mismatch between the AZ
GaAs and GaAsSb epitaxial layers is zero, evem
the lattice-matched samples display strong strain:
[35] between the first epitaxial layer and the
substrate because of lattice mismatch. Poorer
device performance than expected from perfectly
lattice-matched samples, therefore, may be obs-
erved.

In conclusion, lattice-matched AlGeAs-GaAsSk
layers can be grown on both (100) and (11DB
GaAs substrates from the information in Figs. 19
and 20. For example, (100) Al,.ssGas.1sAs-GaAsg.ges
Sby.ois and (111)B  Aly.0sGao.15A5-GaAsy.e168b0.026
double-heterojunction samples with zero lattice:
mismatch were grown for evaluation from melt
swith a weight ratio of W,/ Wg,=0.13 and a
growth temperature of 7T;=840~820°C.

5. EFFECTIVE LIFETIME MEASURE-
MENT

A. EL Time-Decay

Figure 23 is a diagram [6] of the equipment
employed to obtain effective lifetime measureme-
nts on p-p-n DH diodes. The preparation, I-V
characteristics, and EL output of the samples
were described in Chapter III.
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Fig. 23. Diagram of apparatus employed to obt-
ain el time-decay lifetime measureme-
nts on DH diodes.

The diodes were excited by 50 nsec square-wave
pulses (100pps) from a strip-line pulser (SKL
:503A) with a fall time of less than 2 nsec. Min-
ority carrier injection into the (p)GaAs (or GaAs
.S&) layers was low because of the small carrier
concentration (10Y/cm®) in the (n) AlGaAs
layers. To detect very weak spontaneous EL
output signals, the device was placed directly
against an RCA 7102 photomultiplier (PM) tube
‘which had an approximately 2.2 nsec response
‘time.

The detected light pulse was displayed and
plotted simultaneously on a sampling oscilloscope
{(Tektronix 661) having less than a 1 nsec respo-
nse time and on an X-Y recorder (Beckman 1005
~02) that produced either linear or log plots of
-the signals from the oscilloscope output. Figure
24 is a series on linear plots of the detected
EL light output pulses from (107)-oriented p-p-n
Aly.55Gag.1sAs-GaAsy. 055580005 DH diodes with zero
.mismatch.

At least three samples for each value of hete-
rojunction spacing d were used to measure the
.decay times which were determined in the linear
-portions of the log plots. The results cbtained
ifrom Alg.s5GaasAs-Gads,-3Sby DH  samples are
‘tabulated in Table 6 where, although the meas-
wred decay timer were slightly scattered (40.5
nsec) in each group, the shortest values are
listed. A few samples did not reveal a single
-exponential decay constant (confirmed by the log
plots), which may be the result of traps introd-
aced during crystal growth. Bulk lifetime of the
minority carriers [6,7,14] was determined from
‘homojunction diodes with thick(~20 pm) p-type
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Fig. 24. Linear plots of detected el light output
pulses from (100)-oriented Aly.asGao.is
As-GaAse.a58b0.0s DH diodes. A 50-nsec
square wave current pulse was used for
excitation. The independent variable is
GaAsSh thickness d (gm).

GaAsSb layers, using the same technique as
described above. In a GaAso.gs:5b0.0i5 Ge layer,
7,=11 nsec and L,=1.54m were measured. These
are independent parameters used in the analysis
to establish recombination velocity at the Aly.ss
Gao.sAs-GaAs,-ySby interfaces. In the AlGaAs-Ga
As system, =31 nsec and L,=12um were used
[6] in the evaluation of interface recombination
velocities.

Figure 25 plots the normalized minority carrier
lifetime vs the normalized heterojunction spacing,
with reduced interface recombination velocity
as an independent variable. In the AlGaAs-GaAs
system, a comparison of the experimental data
to the theoretical curves (Fig. 25a) reveals that
£=0.5 (equivalent to S=2x10* cm/sec) is the best
fit for the Aly.esGao.1sAs-GaAs DH samples; Ett-
enberg and Kressel [6] reported that §=0.1
(equivalent to S=4X10* cm/sec) and §=0.2(equi-
valent to S=8X%10% cm/sec) for Aly.»Gao.;sAs-Ga
As and the Alo.so Gao.s0ds-GaAs DH samples,
respectively. It is interesting to note that, rece-
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“Table 6. Heterojunction device parameters and
lifetimes obtained from EL time
decay measurements

Composition Heterojunction| Measured
and Spacing d Electron
Sample {(zm) Lifetime 7.5¢
No. (nsec)
Alo.ssGassAs-GaAs
81—B 2.54 6.36
82—E 6.27 9.83
85—D | 10.08 15.90

Al.ssGao.15A5-GaAse.0esSbo.01s

302 2.76 6.28
301 4.80 5.75
304 5.52 7.30
303 7.63 7.97
305 8.65 8.63
Alo.s:Gao.1:A5-GaAs.arsS5b0.024
302t 1.44 4.20
301+ 4.20 3.98
305+ 6.48 5.31

+(111)B GaAs substrate orientation.
ntly, $=3Xx10* cm/sec was reported [7] for an
In, sGa,.;P-GaAs interface (0.11 percent misma-
tch).

In lattice-matched (100)-and (111)B-oriented
LAl .3sGay. s As-GaAs,-,Sby systems, r,=11 nsec and
L,=1.5um served as the basis for our evaluation
-of .interface recombination velocity. The best
fits for the (100)-oriented Aly.ssGao.1sAs-GaAso.oss
Sbo.o1s and the (111)B-oriented Al,.ssGao.;sAs-Ga
Asy.676880.024 DH samples were determined to be
£=0.5 (equivalent to S=7x 10 cm/sec) and £=1.0
«(equivalent to S=1.4x10* cm/scc), respectively.

B. Optical Phase Shift

1. Curve-Fitting Techniques
Effective minority carrier lifetime can be
-indirectly determined from optical phase-shift
measurements. When the sample is excited by a
-pulsed laser, the PL output P [14] is

C
T (et TE( .

were C, C’ are real quantities, o is the angular

P

yr=C’e i (5.1)

1.0

o
Tot 31 nsec
Lp=12um

b
~
=
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Fig. 25. Normalized minority carrier lifetime
T.te/7, @S a function of normalized het-
erojunction spacing d/L,. The indepen-
dent variable is reduced interface reco-
mbination velocity §=SL,/D,.

frequency of the pulsed laser, and ¢ is the phase
difference (or phase shift). The phase difference
6 between the fundamental Fourier component
of the scattered laser and PL output of the sam-
ple was directly measured by this technique.
To achievea mcre perceptive insight into the
curve-fitting technique described above, the foll-
owing mathematical transformation was made:
14+jwr = (1w )V 2eitan-107e it (3.2)
From the denominator of Eq. (3.1), therfore
tan 6 isdefined as

wTerr+E(1+w %)Y *sin(1/2tan "wr. )
1+e(l+w%)Y* cos(l/2tan ‘wress)

(5.3)
where, from Egs. (2.4) and (5.3), tand is eva-
luated as a function of S,d,z,,

tanf=

and L, in Fig.
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Fig. 26, Determination of the interface recomb-
ination velocity by curve fitting of
optical phaseshift data.

26, r,=16 nsec and L,=8.9um are the fixed var-
iables. As demonstrated in Chapter II, for given
values of 7z, and L,, the interface recombination
velocity S is determined by curve fitting from
the measured values of d and 6. It can be seen
in Fig. 26, that tand decreases with decreasing
d and increasing S; it also increases with increa-
sing 7z,. when 7, is varied from 13 to 28 nsec,
there is little difference in tanf when dJd<10gm
which indicates that =, is not critical at certain
ranges when determining S. In addition, when z,
is smaller than 1 nsec, the curves for different
values of S are very closely located. As a resu-
1t, this type of =analysis is inadequate for the
evaluation of interface recombination velocity.
Similar curve-fitting techniques have been used
by Hopkins [9].

2. Phase-Shift Measurement

Figure 27 is a plot of the intensity modulation
of a Kr-ion laser beam (Coherent Radiation, Inc.,
500K) obtained by a mode-locker (Coherent Radi-
ation, Inc., 465) and included is a diagram of the
equipment employed in optical phase-shift meas-
urements. The repetition frequency of the pulsed
laser beam was f~l114MHz (Fig. 27a), and the

BREBHE 228% FOW 19794 9F

VERTICAL  SOmv/OIV
HORIZCNTAL Sas/0iV

a. Intensity modulation of a Kr-iom
laser beam

weDELon |
KAYRTON LASER |

L

b. Equipment
Fig. 27. Optical phase-shift measurements.

average power was P,,,=50mW. The sample was*
excited .by the 6471A laser line. The penetration -
depth in GaAs and GaAsSb layers was ~1/4 pm. .
A small part of the laser beam was detected
by a Si avalanche photodetector after it had .
been separated from the main beam by asplitter-
(glass plate) and amplified by an HP 461A..
After passing through a bandpass filter, it was-
used as a reference signal (channel A) of the
vector voltmeter (HP 8405A). The PL output of
the sample was detected by a photomultiplier
(RCA C31024A or RCA 7102) after passing thro-
ugh a grating spectrometer (SPEX 1672 Double
Mate) with a 5A resolution (0.25mm slit width)
and was then directed to the signal channel of
the vector voltmeter through an amplifier (HP
462 A) and a bandpass filter. The difference in
phase between the photoexcitation and PL output:
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of the sample ismeasured by the vector voltmeter
which can also measure absolute signal amplit-
udes on both channels. The phase difference bet-
ween the scattered excitation signal and the ref-
erence-channel signal establishes a“zero” phase
difference. The phase shifts were measured at
the PL peaks that had been produced from band
to-band transitions.

In this study, the phase shifts (or radiative
lifetimes) were obtained at a sufficiently low
excitation level for the hole concentration to
equal approximately its equilibrium value so as
to ensure that the bulk lifetime is constant. Such
measurements were made at room temperature,
and the results (namely, tand) are listed in Table
7. It was also observed that the short wavelen-
gth PL output (>E,) had smaller phase shifts
(shorter radiative lifetimes) and that the long
wavelength PL output (<E,had larger phase
shifts (longer radiative lifetimes.).

Figure 28 plots tanf vs d from the data in
Table 7. In the AlGaAs-GaAs 7,=16

nsec was measured by the same optical phase

system,

shift technique. Curve fitting the experimental
data with the theoretical curves (see Fig. 28a)
indicates that S=3x10¢m/sec arnd L,=8.9um
are the best fits at an Aly.s:Gao.1sAs-GaAs inter-
face. Although a differnt vealue of r, was used
in the previous curve-fitting analyses of the EL
time-decay data, the two measuring techniques
(EL time decay and optical phase shift) prcduce
similar results. The different values <f 7, may
stem frcm tle fact thet EL is zn electrical in-
jection mode and PL is an optical injecticn mode;
however, 7, is nct critical at certain ranges
when determining S (see Section B. 1). The effe-
ctive lifetime of sample DH-35 was measured at
beth 300 and 77K, and it was observed that its
lifetime increased from 3.6 nsec at 300K to 23.4
nsec at 77K.

In lattice-matched (100)-and (111)B-criented
Alo 5sGay. s As-GadAs,-,Sby systems (Fig, 28b), r,=
14 nsec was measured. The best fits are S=6x10%
and 2Xx10'cm/sec with Ln=3.74um at the (100)-
oriented Al ;sGag. 5As-GaAsg.o6:8b0.0; and (111)B

Table 7. Heterojunction device parameters for
optical phase shift

Phase-Shift
Spacing d(um) tang

Composition
and Sample No.

Heterojunction

Aly.ssGap. s As-GaAs

39 3.2 1.78 to 2.18
2 5.0 2.00 to 2.78
37 5.7 2.37 to 2.92
35 6.6 2.20 to 3.06
49 8.0 2.79 to 3.33
38 9.0 | 2.69 to 3.19
Alu.ssGao.stS'GaASo-sssSbo.ms
210 1.12 1,73 to 1.80
213 3.84 4.33 to 4.70
207 5.52 5.67 to 6.31
212 6.00 4,92 to 5.14
211 6.96 5.14 to 5.67
208 9.61 5.14 to 5.67
209 11.89 5.67 to 6.31
AlossC a5 As-GaAsy.g35b0.017
1358+ 2.16 | 2.36 t0 2.75
133B* 2.28 | 3.27 to 3.73
1354~ 2.35 3.49 to 4.01
134A* 3.00 3.73 to 4.33
1334 ; 3.60 3.73 to 4.7
Aly 55Gag. 15 As-Gadsg 6580024
213~ | 2.40 2.05 to 2.14
207+ [ 2.74 1.33 to 1.38
211" } 4.80 | 2.36 to 2.48
208+ ‘ 5.88 ©2.25 t0 2.36
209 j 7.80 | 2.48 to 2.61

i

*t(111)B CaAs substrate crientaticn.

oriented Alo.ssGaosAs-Gadsy s16800.004  interfaces,

respectively.
C. Discussion

Figure 29 summarizes the measured values of
interfzce recombination velocity as a function of
strain-free lattice mismatch at room temperatu-
re. The @ indicates the (100)-oriented Al.Ga,-,
As-GaAs interface system, and A and B denote
(100)-and (111)B-oriented Aly.3sGao.1sAs-Gads;-y
Sbhy interface systems, respectively. In addition,
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Fig. 28. Determination of Interface recombination velocityaby curve fitting of the optical phase sh-

ift data. data taken at 300K.

O desgnates optical phase-shift measuremients,
‘whereas the remaining points specify EL time-
decay measurements. In the AlGaAs-Gads syst-
«em, the points at 0.038 percent (x=0.25) and
0.075 percent (2=0.50) mismatch are those rep-
orted by Ettenberg [6] of RCA, and the ones at
0.126 percent (z=0.85) mismatch are the results
obtained from this analysis. Note an exponential
relationship between interface recombination ve-
Jocity and lattice mismatch.

The addition of 1.5 percent S& to(100)-oriented
‘GaAs produces a near-zero mismatch in Aly.Ga
«0.asAs and lowers the interface recombination
velocity from (2 to 3) x10* cm/sec (y=0) to (6
‘to 7) x10°cm/sec. Although this value is slightly
higher than expected from the linear relationship
in the semilog plot, solar cells made from such
.a combination of materials should have an exce-
llent spctral response at short wavelengths res-
wlting from the large band gap of the Aly.4:Gao.1s
As window material (E;=2.05eV) and at long
wavelengths because of the addition of S& to the
GadAs active layer. Theoretical studies [20, 47]
indicate that, when the inferface recombination
velocity becomes less than 10%m/sec, further
reduction in S Ppoes not improve the solar-cell
spectral response. The lattice-matched AlGaAs-
GadAsSb solar cells developed in this research,
therefore, are nearly ideal in this respect.

10— T T T
b 300 K

5 L 4
4

2 b

5 ®

by

z

5 t®

=

=1

I}

> [}

g

e 0%k _
it ®

e s 1
IS r®
-8 L

I3

w

o

prd

@

w

(=

z 4

* - AlGaAs/GaAs
4- Alg gsGag 15 As/GaAsSD
3 i 1
ofl . " ' L :
co 008 .16

LATTICE MISMATCH (%)

Fig. 29. Interface recombination velocity vs

lattice mismatch at 300K In Al.Ga,-.
As-GaAs and Al sGao.sAs-GaAs;-yShy
double heterojunctions. The @, A, B
are from EL time-decay techniques, and
@,(S), (i), are from optical phase-shift
techniques.

Similar measurements on a lattice-matched
(111)B-oriested Aly.ssGao.1sAs-GaAsy. o765 84.024 inter-
face resulted in S=(1.4 to 2)x10* cm/sec, and
S=9x10%cm/sec was obtained at a (111)B-orien-
ted Alo.ssGao.15As-GaAsy.08s5b,.012 interface(~0.048
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percent mismatch at 300K). Both samples revea-
led elastic lattice deformation without misfit
dislocations.

Ettenberg [8] obtained S=2.5%10* and 3x10*
cm/sec at Ing.s0sGao.erP-GaAs (~0.14 percent
mismatch at 300K)and Iny..5,Gay.50sP-GaAs(~0.048
percent mismatch at 300K) heterojunction inter-
faces, respectively. Both samples displayed only
elastic lattice deformation. The In..Gao.s0P-Ga
As interface had approximately the same recom-
bination velocity as that of our AlysGaeasds-Ga
As interface although the former had a much
smaller attlice mismatch at 300K. Ettenberg
concluded that, When the lattice ccnstant of
epitaxial layers was larger than the underlying
substrate, the interface recombination velocity
varies linearly as a function cf growth-tempera-
ture lattice mismatch resulting in misfit dislecat-
ions; however, there were no misfit dislccations
in the above InGaP-GaAs samples.

6. CONCLUSIONS AND RECOMMEN-
DATIONS

A. Conclusions

The interface recombination velccity as a func-
tion of lattice mismatch at A/,Ga;-.As-Gads (or
GaAs,_ySh,) heterojundtion interfaces was inves-
tigated. p-p-p and p-p-n DH samples were prepa-
red on (100)-zr.d (111)B-oriented bcat-grewn
(n)GaAs: Te substrates, using a horizontal sliding
Loat LPE grcwth sytems. The values of x and
y were contrelled by adding known amounts of
Al or Sb to As-saturated Ga melts. Auvger anal-
yses in additicn to Al or Sb concentraticn micr-
oprobe line profiles and PL spectra revealed that
the DH samples had nearly abrupt Leterojunct-
ions and that ther was no perceptible cross diff-
usion of Al or Sk at the interfaces.

A method was developed to determine the lat-
tice mismatch and the lattice constants in mixed
single crystals. When hetercepitaxial layers
were grown, either elastic lattice defcrmation
or misfit dislocations were observed because of
the differerces in the lattice constants and ther-

—_71—

mal expansion coefficients. An effective Poisson
ratio was applied to the elastic lattice-defromat-
ion condition to detect the strain-free lattice
mismatch from the strained Ilattice mismatch;
in misfit dislocations, the strain-free lattice mis-
match was obtained directly from X-ray diffra-
ction profiles rather than from the Poisson ratio.
Frcm precise measurements of AlGaAs single
layers grown cn GaAs substrates, ve;1=0, 312 and
0.190 were observed in (100)-and (111)B-oriented
AlGaAs layers, respectively. No v.s; was involved
in the (100)-criented GaAsSh layers although
verr=0.160 was cheosen for the (111)B-oriented
GaAsSb layers.

Assumirg that o,(GaAs)=5.6532A resulted in
a,(AGa- As)=5,6532+0.00842 A which is in
good agreement wiht Vegard's law. Lattice-ma-
tched Aly.5:Gao.;As-Gads,-,Sb, layers were grown
cn beth (1€0)-and (111)B-criented GaAs substra-
tes at a ratio of Ws,/We.,=0.13 and a temperature
of 840 to 820°C although the corresponding Sé
compositions were different (y=0.015 and 0.024)
because of the dependence of the S& distributicn
coefficient on substrate orientation. When «,
(GaSb)=6.0959A was assumed at 300K,both(100)
—and (111)B-oriented GaAsSh layers deviated
only slightly from Vegard's law.

Interface recombinaticn velocity in the Alg.s
Gag.: As-GaAs,-,Sby system was determined from
the dependernce cf the effective minority carrier
lifetime on dcuble-heterojunction spacing, using
both optical phase shift and EL time decay, and
gocd agreement between these recombination
velocities was obtained by the two techniques.
The addition of 1.5 percent S& to (100)-criented
GadAs preduces a near-zero mismatch with Ao
Ga,.;5As and lowers the velocity from(2to 3)x10*
(¥=0) to (6 to 7)x10%cm/sec. Lattice-matched
(100)-oriented Alo.ssGao.1sA45-Gadse.sss Sbo.oys SOlar
cells have sufficiently low values of S to make
them nearly ideal devices. They should have an
excellent spectral response to photons with ener-
gies over the full range from 1.4 to 2.6eV.

B. Recommendation

The recombination velocities at Aly.ssG@o.154s
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GaAs;-ySb, heterojunction interfaces were meas-
ured only at room temperature. An exponential
relationship between interface recombination
velocity and lattice mismatch was observed in
the AlGaAs-GaAs system; however, these veloc-
ities deviated at Aly.ssGao.154s-Gads,-ySby inter-
face. As a result, termal expansion coefficient
measurements of these ternary materials should
be conducted over the range from rocm to gro-
wth temperatures so as to determine the general
relationship between interface recombination vel-
ocity and lattice mismatch in systems based on
different materials. The analysis should include
a quantitative evaluation of the contributions of
misfit dislocations and elastic strain to recofnb-
ination velocity. The measurements should also
extend to AlGaAsP-GaAs interfaces. The inform-
ation obtained from all of these measurements
can then be used to optimize the performance of
heterojunction solar cells and other devices such
as light-emitting diodes and laser diodes.

This investigation has demonstrated that the
recorabination velocity at a Aly.ssGae.1:A45-GaAs
0.0859b0.015 attice-matched heterojunction is suffic-
iently small for maXimum solar-cell collection
efficiency. This result should be tested by cons-
tructing working models of (p)Als.s5Gaoys As-(p)
GaAsgee59b0.015-(0)GaAs solar-cell structures. The
spectral response, short-circuit current, fill fac-
tor, and conversion efficiency should be examined
under terrestrial sunlight conditions and compa-
red to conventional AlGaAs-GaAs solar cells.

Appendix

Elastic Deformation of Cubic Lattice and Rel-
ated Elastic Constants [48]
Two-Dimensional Case: o"=0

Definition
E=¢"[¢"
y=—¢ /"
then,
e'=(1/E)c"
&=(—v/E)s"

11.

12.

13.
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. L.W. James and R.L. Moon,

. H.C. Casey, Jr. and F.A. Trumbore,

. A. Many, Y. Goldstein,
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Three-Dimensional Case: 0,,=0 and ¢,,=0,,=0a

€xx—€yy
i =e' et
./'“" =1—v/E)s"
€=2¢"
=(—2v/E)g"

=(—2/1=v)e.
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