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ABSTRACT

Interface recombination velocity in Alxga _xAs—GaAs and Al

1 0.85

Ga0.15AS—GaASl—ySby heterojunction systems is studied as a function of
lattice mismatch. The results are applied to the design of highly ef-
ficient III-V heterojunction solar cells.

A horizontal liquid-phase epitaxial growth system was used to pre-
pare p-p-p and p-p-n AlXGal_XAs—GaAsl_ySby—Aleal_xAs double~heterojunc-
tion test samples with specified values of x and y. Samples were grown
at each composition, with different GaAs and GaAsSb 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 system, elastic lattice deformation with
effective Poisson ratios veff(IOO) = 0.312 and veff(lllB) = 0,190 was

observed. The lattice constant ao(Alea —xAS) = 5,6532 +0.0084x A was

1
obtained at 300 K which is in good agreement with Vegard's law. In the
GaAsShb 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 ao(GaSb) = 6.0959 A was as—
sumed at 300 K, both (100) and (111)B oriented GaAsSb layers deviated
only slightly from Vegard's law. Both (100) and (111)B zero-mismatch
Al G As-GaAs. Sb_ layers were grown from melts with a weight

0.85°°0.15 1-y

ratio of wa/wGa = 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)8 orientations, respectively. This occurs because of a fortuitous

variation in the 8b distribution coefficient with orientation.

iii



Interface recombination velocity was estimated from the dependence
of the effective minority carrier lifetime on double-heterojunction
spacing, using either optical phase-shift or electroluminescence time-—
decay techniques. The recombination velocity at a (100) interface was
reduced from (2 to 3) X 104 for v=0 1o (Bto7) X 103 cm/sec for lat-

tice-matched Al Although this reduction

sAS=0AS, 6250y 615°

0.85%%0 .1
is slightly less than that expected #irom the gxponential relationship
between interface recombination velocity and lattice mismatch as found
in the AlGaAs-GaAs system, solar cells constructed from such a combina-
tion of Mmaterials should have an excellént spectral response to photons
with energies over the full range from 1.4 to 2.6 eV. Similar measure-

ments oh a (111)B oriented lattice-matched heterojunction produced somé~

what ianEr interface recombination velocities.

¢
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SYMBOLS

lattice constant of epitaxial layer (A

strained lattice constant of epitaxial layer parallel to sub-
strate surface (A)

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

lattice constant (A)

lattice constant of substrate (A)

real gquantity

real quantity

distribution coefficient

diffusion constant of electron minority carriers (cmz/sec)
double-heterojunction spacing (um)

Young 's modulus

Fermi energy (eV)

hand-gap energy (eV)

electron-hole generation rate (pairs/cm3-sec)
electron beam-induced current (mA)

minority carrier (electron) diffusion length (pm)
minority carrier (hole) diffusion length (um)
interface recombination velocity (cm/sec)

growth temperature (°C)

weight of Al in melt (gm)

weight of Ga in melt (gm)

weight of Sb in melt (gm)

mole fraction of AlAs in AlGaAs ternary compound

]

mole fraction of GaSb in GaAsSb ternary compound
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thermal-expansion coefficient (1/°C)

strain-free lattice-constant difference between epitaxial layer
and substrate (A)

-3

excesg minority carrier (€lactron) density (cm )
. . -3
average excess electron minority carrier density (em )

perpendicular strained lattice-constant difference between epi-
taxial layer and substrate (A)

parallel strained lattice-constant difference between epitaxial
layer and substrate (A)

angular difference caused by difference of lattice spacing nor-
mal to the substrate surface (sec)

separation angle between Kal peaks of substrate and epitaxial
layer (sec)

same quantity as above, measured after rotating the crystal by
180° around the normal to the substrate surface (sec)

strain perpendicular to substrate surface
strain parallel to substrate surface
phasé difference (degree)

Bragg's angle (degree)

wavelength (A)

effective Poigson ratio

normalized interface recombination velocity
stress perpendicular to substrate surface
stress parallel to substrate surface
effective minority carrier lifetime (nsec)
bulk lifetime (nsec)

angular frequency of a pulsed laser
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Chapter I

INTRODUCTION

Although theoretical studies [1,2] have demonstrated that Gaas
should be one of the best materials for constructing solar cells, the
efficiency 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 Jjunction to be less than 1 pm from the surface and
that the GaAs-air interface has a large surface recombination velocity
of approximately 106 cm/sec.

These difficulties were overcome during the early 1970's by grow~

ing thin (p)AlXGa "XAS layers on the surfaces of p-n junction Gads solar

1
cells. Although this window layer is opaque to high-energy photons
(>2.,0 eV), the heterojunction confines the photon-generated electrons
within the (p)GaAs layer, thereby providing a low-interface recombina-
tion velocity that greatly increases the efficiency compared to that of
a simple GaAs cell; efficiencies up to 21 percent at AM1.4 have heen
reported [3].

Even after this improvement, efficiency was still far from the the-
oretical value (~27 percent), perhaps as a result, in part, of lattice
mismatch at the heterojunction interface. The lattice constant a, of
GaAs, AlAs, and GaSb single crystals at room temperature 1is 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, the
mismatch at a GaAs—AlXGal_XAS heterojunction is 0©.16x percent, This

mismateh is small in comparison to other known heterojunction systems;

however, it is large enough to produce finite interface recombination



velocities. The fact that this lattice mismatch can be eliminated by
adding Sb to @GaAs led to the measurement of recombination velocity at

a lattice-matched AlGaAs--GaAsSb interface as well as at Alea _xAs—GaAs

1
interfaces. ZElectroluminescent time-decay and optical phase-shift tech-
nigues were employed to determine the heterojunction-interface recombi-
nation velocities, and a double-crystal X-ray diffractometer was used

to measure precise heterojunction lattice mismatch. Based on these data,
AlXGa

XAs—GaAs Sb  solar cells can be optimized tc achieve maximum

1- 1-y

efficiency.

Metheds to obtain the interface recombination velocity are theoret-
ically analyzed in Chapter II, and relevant sample structures and tech-
niques for measuring effective lifetimes are discussed. Liquid phase
epitaxial (LPE) growth techniques, including melt and substrate prepara-
tion and procedures for growing double-heterojunction (DH) samples, are
described in Chapter III, followed by characterization of the grown lay-
ers. In Chapter IV, theoretical relations are derived to determine bhoth
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. Schemat-
ics of the apparatus employed to evaluate effective lifetimes using both
optical phase-shift and electroluminescent (EL) time-decay measurement
techniques are presented in Chapter V. Interface recombination veloci-
ties are evaluated from best-curve f£its based on heterojunction spacing
and measured effective lifetime for fixed bulk lifetime and minority car-
rier diffusion length. Recombination velocities, 8 = (2 to 3) X 104

3
and (6 to 7) X 10 ecm/sec, were achieved at (100) Al 5As—GaAs

0.85%%0.1
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and lattice-matched Al G

0.85 aO.l heterojunction in-

5AS=0aAs ) 00550 015

terfaces, respectively. A summary of the significant aspects of this

research and suggestions for future study are included in Chapter VI.



Chapter IT

INTERFACE RECOMBINATION VEIOCITY

Interface recombination velocity can be determined from the depen-

dence of the minority carrier lifetime on heterojunction spacing of

symmetrical double-heterostructure (DH) samples.

This is analogous to

a semiconductor slab confined by two surfaces of equal recombination ve-

locity [5,6,7].

A. Theory

trical As-
A symmetrica Aleal—x s GaAsl

ySby DH sample is illustrated in Fig.

1, where Al composition x and recombination velocity S are assumed

to be the same at both heterojunctions.

sample is an infinite slab of extrinsic p-type,

It is also assumed that (1) the

(2) external surface ex-

citation is uniform throughout the illuminated heterojunction interface,

and (3) the electron-hole pairs are generated only near the interface.

This is true when the sample is excited by laser 1ight which has a photon

energy larger than the band gap of the GaAs

(pYAlyGay.,As  [(p)GaAs_ S y

-rr<<‘S§§S§>\

x=0

\1:

/

>

Y

///7/% "

o,

1-y

(p) Al, Gay. As

Sby layer and smaller than

hv

Fig. 1. ONE-DIMENSIONAL DIAGRAM OF A SYMMETRICAL (p)AlGaAs-

(p)GadsSb DH INFINITE SLAB.



that of the Alea XAs layer. In addition, low-level excitation is

1
assumed so that the injected minority carrier (electron, in this case)
density /M is much less than the background hole density. Possible
effects caused by light reabsorption within the recombination region are
neglected in this analysis.

The continuity equation of minority carriers for the steady-state

case and the relations for the two boundary conditions at the interfaces

are
2 2
D (dAnfdx ) - M/t =0 (2.1)
n o
and
—Dn(d&/dx)}c:d + Gs = S(An)xzd (2.2a)
Dn(dAn/dx)X=O = S(An)x=0 (2.2p)

where Dn is the diffusion constant of the minority carriers and T is

the bulk lifetime in the p-type semiconductor. These quantities are Tre-
lated to the bulk-electron diffusion length by Ln = (Dn'ro)l/z. The gen-
eration rate GS is included in the boundary condition [Eg. (2.2a)l]

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

From the solution of Bq. (2.1), the excess minority carrier density

is [5,6]

(d/Ln) cosh (-c/I.n) + (Sd/Dn) sinh ('\r/Ln)

2
(o) = (6 /) @28 )7 x (2.3)

{(sa/znny?' + (d/.?Ln)z} stnh (/1) + (S8/2D )(a/%) cosh (@/1)

With the Ffollowing definitions,



B

d
/4> J; n(x) dx = (G /d) 7.0

v
I

SLn/Dn
Eg. (2.3) can be simplified to

sinh (d/gn) + (cosh (d/Ln) - 1)

(Teff/To) = (52 + 1) sinh (d/Ln) + 2¢ cosh (d/yn) @-®
where
An o= average injected minority carrier density
Topy = effective minority carrier lifetime

£ = normalized interface recombination velocity

When d << yn and £ << 1, Eq. (2.4) reduces to (1/Teff) = (1/T0) +
(28/d). Figure 2 is a plot of the normalized effective minority carrier
lifetime Teff/To as a function of the normalized heterojunction spac-—
ing d/Ln for various values of ¢E.

Figure 2 implies that, if T, and Ih. are known, the interface
recombination velocity can be determined by curve fitting [8,9] from the
measurement of the effective minority carrier lifetime and heterojunction

spacing. It also shows a reduction of Te with decreasing values of

kifs
d.

B. Measuring Technigues

As discussed above, when To and Ln are known, the interface re-
combination velocity can be obtained from the dependence of efifective

nminority carrier lifetime on the heterojunction spacing of symmetrical



0.05 ' n
0.001 0.01 0.1 1.0 10
d/Ln

Fig. 2. NORMALIZED EFFECTIVE MINORITY CARRIER LIFETIME (1 ps/T,)
AS A FUNCTION OF HETEROJUNCTION SPACING (d/L,). The independent
parameter is the interface recombination velocity ¢.

DH samples. The next problem is to select measuring technigques that are
available and feasible among the existing instruments for determining
effeetive minority carrier lifetimes.

Several available techniques include electroluminescent (EL} time
decay [6,7,81, pulsed reverse-bias recovery [10,11], current decay from
pulsed laser beams [12], and optieal phase shift [13,14]. 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,
regpectively. Effective minority carrier lifetime can be directly deter-
mined from EL time-decay measurements but only indirectly from optical

phage-shift measurements (see Chapter V for additional details). The



heterojunction spacing d was determined with a conventional coptical

microscope after staining 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 diagram of a p~p-p DH sample, and Figs. 3b and 3¢

(a}

—\

(m Al Gaj_,As  (p)GaAs (p) Al,Ga,_ As

(b)

(n) Al,Ga.,As  (p)GaAs (p) Al,Ga,., As

(MALGay4As | (p)GaAs  (p) ALGay. As

N e e E¢

7

Fig. 3. EWNERGY-BAND DIAGRAMS OF DH SAMPLES.
{(a) p-p—p DH sample, (b) p-p-n DH diode
under no bias, and (c¢) p-p-n DH diode un-
der forward bias.



apply to unbiased and biased p-p-n DH dicdes. A similarity can be ob-
gserved between {a) and (c), especially in the p-p-n DH diodes when the
(p)GaAs [or (p)GaAsSbl layers were more heavily doped than the (n)AlGaAs
1ay;ars. In this case, it can be assumed that the depletion region {(ap-
proximately 0.1 um in thickness) at the p-n junction 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 spacings (0 to 15 pm) were
prepared by liquid phase epitaxial (ILPE) growth techniques on the GaAs
substrates. Details regarding LPE crystal growth are discussed in Chap-
ter III. In this study, the Al composition x of the Aleal_XAs layers
was set at x = 0,85. The corresponding band-gap energy is ~2.05 eV.

Although attempts were made to grow AlXGa xAS layers with x ~1 so

1

as to increase the spectral response of the solar cells at shorter wave-

lengths, the surface morphology of the higher Al composition AlGals

layers degraded in a short time. Both Alo 8569. 0 15As—GaAs and lattice-
matched Alo. SsGao.lsAs—-GaAsl_ySby DH samples were prepared Ifor evalua-—
tion.
PAGE 18
IGIN
oF
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Chapter III

LIQUID PHASE EPITAXIAL GROWTH

This chapter first describes melt and substrate preparation. Growth
procedures and the quality of the grown samples are then discussed in

detail.

A, Growth Technique

The growth conditions have been determined for preparing Aleal_xAs

and GaASl-ySby single crystals with specified values of x and y. These

values were controlled by adding known amounts of Al or Sb to As-satu-
rated Ga melts. Figure 4 is a diagram of the horizontal sliding-boat LPE
growth system (vacuum tight) used in this study and described in detail

by Cheung [15]. The samples were grown in flowing H, at atmospheric

2

CONTROLLER}——IAT"/minl

VOLT

CONTROL
METER PU&E{IUN‘G VOLTAGE POWER
N

\
\
\ GROUND

BELLOW JOINTS
% F// ] n T

b 7 Ly P
X L=
e LGRAPHITE
LNs] |
TRAP] \ BOAT 1
I ‘\ FURNACE P'_g 4
ROTARY
PUMP THERMAL COUPLE PURIFIER
N, WITHIN A QUARTZ TUBE
2
EXHAUST

Fig. 4. HORIZONTAL SLIDING BOAT LPE GROWTH SYSTEM.

11



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 =
17 3 18 3 .
2 to 5 X 107 /em in GaAs and GaAsSb and = 1x 100 /em in AlGaAs) [16,
17 3
17,18]. AIl n-type layers were doped with Sn (n < 107 /cm 1n AlGaas)

[16,19]1.

1. Melt and Substrate Preparation

The GaAs, AlGaAs, and (GaAsSb layers were grown by LPE 1in the
Ga-rich corner of the ternary phase diagram. Six 9's pure Ga melts were
first baked out in flowing H2 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 loaded in the recess adjoining the melts. The Te—dopeq GaAs
substrate had a carrier concentration of approximately n = 2 X 1018/cm3.

Before loading into the system, all the materials were succes-
sively degreased by trichloroethyle?eg‘acetone, and methanol in an ultra-
sonic bath and then soaked in HC1 fﬁr three minutes tc remove surface
oxide. Following this procedure, special care was taken to avoid expos-
ing the materials to air. They were thoroughly rinsed in methanol sev-
eral times by dailuting the HCl solution with methanol and then in hot
electronic-grade isopropyl-alcohel and blown dry using filtered N2 before
loading. During preparation, the substrates were held by an especially

designed quartz tweezer to-avord surfdce damage during the cleaning process.

5
12 ORIGINAL PAGE
OF POOR QUALITY



2. Growth Procedure

Previous growth techniques were modified [15,20] to improve the
surface morphology of as—-grown multiple layers by reducing the lateral
spacing between the GaAs and the AlGaAs melts. This reduction lessens
the time when the substrate is exposed to the H2 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 H2 s pumped to less than 1

Torr, and then backfilled with H2 at a flow rate of 120 ce/min.,

—p

| 1 74 w4 [ 1]
= 3

d
 S— /’-
/ AlGaAs Ge MELT

GaAs SUBSTRATE GaAsSh Ge MELT

a. ©p-p-p DH growth system

—

| IRZ7/m77/m
/7- e =

L1
| —
/ AlGaAs-Sn MELT AlGaAs:Ge MELT

GoAs SUBSTRATE GaAsSh Ge MELT

b. p-p-n DH growth system

Fig. 5, SLIDING GRAPHITE-BOAT GROWTH SYSTEM.
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Iin the p-p-p DPH growth, AlGaAs and Gads (or GaAsSb) melts
were prepared, and the GaAs substrate was loaded in the recess next to
the AlGaAs 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 first AlGads
layer, pulled to the left a second time to grow the Gads (or GaAsSb)
layer, moved to the right to grow the second AlGaAs, and then was re-
turned 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 fur-
nace was removed and the inlet and outlet valves were closed. When room
temperature was reached, the system was returned to its starting position
by moving the top plate to the right. The reason for this last procedure
is to intentionally 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 easily made.

B. Solidus Composition of Grown Layers

Solidus compositions of the grown AlGaAs and GaAsSb layers were de-—
termined by standard electron-microprobe analyses. Both (100)- and
(111)B-oriented GaAs substrates were used. Thicknesses of the epitaxial
layers were several micrometers, and the accelerating voltage in the elec-

tron microprobe was 10 keV,

GE Id
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i, Al Composition

Figure 6 plots the solidus Al composition in Alea _XAS single

1

layers as a function of the weight ratio WAl/WGa in the melt. For

example, crystals with x = 0.85 were grown at 840°C, using an Al/Ga

-3
weight ratic of 2.8 X 10  in the As saturated meli.

1.0
a
= L
o
9D o8-
1]
xI -
i_.
Z 06l
4
Z -
o
:_;) 0.41— GROWTH TEMP.
8 n ® 800-780°C
A - (o]
Z ool 840-820°C
Q
2 B -
0.0- L L
104 163 162

WEIGHT RATIO OF Al TO Ga IN THE MELT

Fig. 6. SOLIDUS Al COMPOSITION IN LPE AlGaAs
LAYERS VS WEIGHT RATIO OF Al TO Ga IN THE
MELT. Two growth temperature ranges are
shown.

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 distribution coefficient of Al

at the lower temperature (see Table 1). In addition, the Al distribution

coefficient, at a fixed growth temperature, increased when the Al/Ga

15



Table 1

GROWTH DATA OF LPE AlGaAs SINGLE LAYERS

Sample Melt Weight Ratio A1 Composition x Al Distribution
No. Wy /W (X 107%) P Coefficient DT

Tg = 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

Te = 800 to 780°C

113J 0.202 0.06 115.2
1147 0.426 0.14 127.3
1153 | 0.689 0.23 1296.2
1163 1.087 0.37 131.7
1173 1.629 0.49 116 .4
1183 2.481 0.63 98.3
1193 3.762 0.75 77.2
1207 6.579 0.86 90.6
1217 13.390 0.93 26.9

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

weight ratio in the melt decreased. The same Al composition was obtained
on both (100)- and (111)B-oriented GaAs substrates when grown simultane-
ously from the same melt. This implies that the distribution coefficient

of Al is independent of substrate orientation.

2. Sb Composition

Figure 7 plots the solidus Sb composition in GaAsl_ySbY single

layers as a Tunciion of the weight ratio wa/Wéa in the melt at a growth

16
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35x10°
To 7840-820°C
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25

20—

15f———————————

ANTIMONY COMPOSITION y IN THE SOLID

fo M n_!
102
WEIGHT RATIO WSleGa IN THE LIQUID

Fig. 7. SOLIDUS Sb COMPOSITION IN LPE
GaAsl_ySby LAYERS VS WEIGHT RATIO OF Sb
TO Ga IN THE MELT. Results on (100)-
and (111)B-oriented GaAs substrates are
shown.

temperature of 840 to 820°C. The antimony composition varied from y=0
to y = 0.03. Detailed growth information is listed in Table 2., Data
points are somewhat scattered because of uncertainty in the Sb composi-
tions. Antimony concentration profiles of very thick (30 um) GaAsSh
single layers, along cleaved edges, indicated that Sb concentration is

constant with depth.
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Table 2

GROWIH DATA OF LPE GaAsSb SINGLE LAYERS

Sample Melt Weight Ratic Sb Composition Sb Distribution
No. Wap/Wg, (X 1073) P v Coefficient D

{(100) Orientation

203 0.0069 0.050 0.241
155X 0.0%29 0.120 0,188
153 0.0133 0.125 0.186
206 0.0%55 0.130 0.208
154X 0.0251 0.263 0.167

{111)B Orientation

122v 0.0027 0.017 0.277
125X 0.0056 0.028 0.349
1237 0.0082 0.040 0.358
123X 0.0126 0.060 0.367
124% 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

When GaAsl_ySby layers were grown simultaneously on both (100)-

and (1ll1)B-oriented GaAs substrates from the same melt, a higher Sb com—
position y was obtained on the (111)B substrate. For example, at a
weight ratio of Wéb/Wéa = 0.13, vy = 0.015 and 0.024 on the (100) and
(111)B substrates, respectively. The corresponding Sb distribution co-
efficients 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).
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It can be seen in Figs. 6 and 7 that Alea _xAs-GaAs Sby

1 1=y

double-heterojunction samples can be grown with a wide range of Al and

Sb compositions.

e Layer Characterization

Figure 8 is a series of photomicrographs of the surface morphology

of undoped as-grown single layers (several pm in thickness). The first

- IR - b. GaAs

1y.85%0.15%8

Gao.ggAs d. (}aAsD'QSSbO.02

iy Wi

T5.01

Fig. 8. PHOTOMICROGRAPHS SHOWING SURFACE MORPHOLOGY OF AS-GROWN LPE
SINGLE LAYERS.
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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 morphology of the InGaAs layer was very
poor, and the layer could be grown on only (1l1)B-oriented GaAs substrates
[21,22,23,24]. The surface morphology of the others was very good.

At the beginning stage of this research, InGaAs layers were grown to

provide a zero mismatch with Al As. This work was abandoned al-

0.85%%0.15
though the InGaAs layer had better solar-cell spectral response at long
wavelengths [4,25] than did the GaAsSb layers when lattice-matched with
A10.85Ga0.15As. Poor surface morphology of the InGaAs LPE layers grown
in the Ga-rich corner of the ternary phase diagram was the result of in-
adequate wiping of the melt [26]. The surface morphology of the AlGaAs-
InGaAs DH samples was even poorer.

Figure 9 shows the cross section of an A10.85G30.15AS_G3AS 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 NH40H + 200 ml Hzoz: PH=7) for 10 min and rinsed in methanol
[27,28]. It can be observed that all the interfaces are straight and
parallel. The layer thicknesses, from left to right, are 5.0, 6.6, and
5.8 um, respectively.

The electron microprobe had a 10.0 KeV accelerating voltage, and the
effective diameter of excitation at this voltage was approximately 6 pm.
The line profile, which is a reproduction of the original recording, was
used to determine the Al composition x of the Aleal_xAs layers by stan-

dard microprobe analyses. A value of x = 0.85 * 0.01 was obtained from

the two layers.

20




(p) GaAs:
(p) Algg Ga,gAs:Ge

(p) AlggGa s As:Ge
(n*)GaAs:Te

| T T
s
=
=
>
i
<
o
=
m
x
<
Al I 1
10 20
DEPTH, (#m)
Fig. 9. AN A10'85Gao.15

temperatures.

output is from the GaAs:Ge layer only.

ditional peaks are

21

Figure 10 is the PL spectra of the sample in Fig. 9 at room and LN

A 6471 A Kr-ion laser was used for excitation.

shifted from 1.4285 eV at 300 K to 1.5083 eV at 77 K.

Photomicro-
graph of
stained
Cross
section

Al concen-
tration
profile as
obtained
from an
electron-
micrograph
recording

As:Ge-GaAs:Ge DH SAMPLE.

2
The PL

The band-gap energy of GaAs:Ge

Although only one

peak, caused by band-to-band transitions, was observed at 300 K, two ad-

seen at 77 K resulting from transitions from Ge




1 |

8679 A (1.4285 eV)

8378 & (1.4798 V)
¢ 3%20 R (15083 ev)

RELATIVE EMISSION INTENSITY

8612 El(l.4396 ev) : :
9200 8400 7600 6800
WAVELENGTH, A(A)

Fig. 10. PHOTOLUMINESCENT SPECTRA OF AlgQ.85
Gag 15As:Ge-GaAs:Ge DH SAMPLE. A 6471 A Kr
laser was used for excitation, and the PL
output came from the GaAs:Ge layer only.

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 77 K indicates that there was almost no Al

concentration gradient at the heterojunction interface. Precise measure-

ments by Auger analysis revealed that the interface-transition width was
approximately 210 A (a nearly abrupt heterojunction) and that there was

no detectable cross diffusion of Al (or Sb in theA10.85Ga0.15AS_GaAsl-ySby
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DH samples) at the interface. Additional details of the Auger measure-
ments have been reported [31,32].
Figure 11 is a cross section of the (100)-oriented Alo 85GaO 15As-

GaAs DH diode. Because no energy barrier for majority car-

0.9855b0.015
riers existed, both p-p and n-n heterojunctions were ohmic. The substrate
side of the as-grown 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 at 450°C for 5 min to form ohmic contacts. After they

2
were cleaved into small pieces (usually less than 2 X 1 mm™ ), each diode

was mounted on a TO-5 header.

T rrrrrrrorrrrrrrrir Ay + Zn
(p*)GaAs

. (p) Al g5Ga \5 As

(p) GaAs gg5 Sb g5

(n) Al gg Ga 45 As

] (n*)GaAs 3
 ’f/’/,f:::zzzzzz::z::::zzz:zzzzznn:.Aut(;e:N|

-
10um

Fig. 11. PHOTOMICROGRAPH OF STAINED CROSS SECTION OF A (100)-
ORIENTED AlO.856a0.15AS-GaASO.985SbO.015 DH DIODE.

Figure 12 shows the I-V characteristic curve and EL output of the
above diode at 300 K. In the I-V curve, a threshold voltage of approxi-
mately 0.9 V and a breakdown voltage of 5 V were obtained in the forward-
and reverse-bias directions, respectively. It was observed that the

breakdown voltage of GaAs (or GaAsSb) homojunction diodes was generally
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Fig. 12. (100)-ORIENTED Al 5As-GaAs

0.85°%0.1 0.985°°0.015

several times higher than that of the DH diodes. The EL output was ob-
tained at a current density of 35 A/cmz. At the low current-density level,
the EL peak (A = 9195 A) was located at a longer wavelength than was the
PL peak ()\ = 8973 A) for the same amount of Sb (y = 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-cur-
rent mode: semi-log plots of induced-current vs beam position are included.
For additional details, see Refs. 20, 33, and 34. A (100)-oriented A10.85
GaO.lSAS_GaASO.QSSSbO.015 DH diode (see inset) was used to measure the
diffusion lengths in both the (p)GaAsSb and (n)AlGaAs layers. The corre-=
1

i 3 17 3
sponding carrier concentrations were (2 to 5) x 167 /cm and 510 /em =

respectively. The electron beam energy for the measurements was 25 keV.
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Fig. 13. SCANNING ELECTRON MICROSCOPE INDUCED-CURRENT
MODE AND SEMI-LOG PLOTS OF INDUCED-CURRENT VS BEAM
POSITION.

The inset at the bottom of Fig. 13 is an induced-current trace superim-
posed on the secondary emission image, and the position of the p-n junc-

tion is identified from the peak of this trace. The minority carrier
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diffusion lengths obtained from the slopes of the straight-line regions
in the semi-log plots were Ih = 1.49 ym and Lp = 0.73 ym. The excep~-
tionally short length of Ln [24] may be the result of the cross-hatched
patterns always observed on (100)-oriented GaAsSb layers (see Fig. 14).
The minority carrier diffusion lengths of Ge-doped GaAs layers were not
measured in this study; instead, Ln = 12 ym obtained by Ettenberg et al
[6] was used in the evaluation of interface recombination velocity at an

AlGaAs—-GaAs interface as described in Chapter V.

AR UG

Fig. 14. PHOTOMICROGRAPH OF SURFACE
MORPHOLOGY OF AS-GROWN (100)-ORIENTED

AlO.85GaO.15AS_GaASO,985Sb().015 DH DIODE.

ORIGINAL PAGE IS
26 OF POOR QUALITY



Chapter IV

STRAINED AND STRAIN-FREE LATTICE MISMATCH

When heteroepitaxial layers ave grown, two types of defects [35,36,
37] can usually be observed because of differences in the lattice con-
stants and thermal expansion coefficients (see Fig.15). In this chapter,
the resulting bending [38] of the wafer and latiice defects introduced
during growth (stacking faults) [35] are neglected. Attention is focused
only on methods for obtaining the relative lattice mismatch between the

hetercepitaxial layer and the substrate.

!
EP! EPi |
LAYER LAYER) Fa95 7T
177 NG
1 ™|
SuUB suB
a. Elastic lattice defor- b. Maisfit daslocations
mation

"o

Fig. 15. DEFECTS AT HETEROJUNCTION INTERFACES. I
indicates the epitaxial layer-substrate interface.

If there are no misfit dislocations at the heterojunction interface,
the lattice mismatch is relieved 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 surface expands
or contracts. In other words, the lattice comnstant of the epitaxial
layer becomes uniform along the growth direction and much of the elastic

strain resulting from the lattice mismatch remains in the layer. It has
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been reported [36,37,39,40,41]1 that, in cubic and zincblende III-V com-
pounds, the lattice of the epitaxzial 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 defor-
mation, however, a misfit dislocation array (unidirectional or cross hatched)
[35] is produced and most of the sitrain is relieved in the viecinity of the
interface. The epitaxial layer is closer to perfect crystalline structure
when misfit dislocations are present. Recent studies [35,42] demonstrated
that layer-strain energy and the generation of interfacial misfitdisloca-
tions at the growth temperature are functions of lattice misfit and layer
thickness. Thick layers or a large misfit cause cross-hatched dislocations.

In both defects illustrated in Fig. 15, the relative lattice mis-
match bhetween the epitaxial layer and substrate can be obtained directly
from measurements of the separation angles between the K peaks in X-

ol

ray diffraction profiles (so-called "rocking

curves''). A method is derived below, based
on the generalized diagram in Fig. 16, to ob-

ag taan lattice mismatch .and lattice constants.

1t

P |

In Fig. 16, aS 1s the lattice constant

of the substrate, a"; and a; are the

strained lattice constants of the epitaxial

ag layer perpendicular and parallel to the sub-

strate surface, and a, is the lattice con-
Fig. 16. DEFORMED

AND UNDEFORMED stant of the epitaxial layer in the stress-
IATTICES OF AN
EPITAXTAL LAYER free state. For convenience, these parameters
ON AN UNDEFORMED
SUBSTRATE. are defined as la’ = a'; -a_, pa = a; ~a_,
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and la = a, =2 . It has been observed [37,39,401 that, in elastic lat-

tice deformation,

L 1l
b’ e
a a

s =]

= 0 (4.1)

if ABl iz the separation angle between the KOrl peaks of the sub-
strate and epitaxial layer and if A82 is the same quantity measured
after rotating the crystal by 180° around the normal to the substrate
surface, the angular difference caused by the variation in lattice spac-

ing ABB is
N = ——— (4.2)

In this measurement, Aﬁl % ABZ principally because of misorientation
of the substrate itself.
The difference in lattice spacing AaL was determined through the
following equation which was obtained by differentiating Bragg's law:
ra”

a

= -cot O x /8 (4.3)
s B B

where QB is the Bragg angle.
From the stress-strain relationship of a cubic crystal, the follow-

ing equations (see the Appendix for their derivation) are obtained by

assuming o =g = c" and o = cr"L = 03
X% ¥y ZE
gu - e" ifi?%j"‘ (4.4)
eff
and
-2v
T
&= 2 if 4.5)
eff
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where © is the stress and ¢ is the strain, and E and Vopp BTC

Young 's modulus and the effective Poissom ratio, respectively. The

elastic constants of the layer and the substrate are assumed to be equal
I

[38]. The strains ¢ and él are expressed in terms of Aal/as, Aa“/

as and Aa/hs by

L
L% 7% ot o et M .
€ =7 = a T a_ T a_ (4.6
hid £ s s
and
al - a 1 I
Eu_f f _fa -fa La Lo @.7
af af as as
From the Eqs. (4.1), (4.5), (4.6), and (4.7),
2Vorr et ZVerr
€ T1 iy a1 -v a_ (4.8)
eff s eff s

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

as

1 -
B Vers At
1+ veff a,

(4.9)

o |l

The strained and strain-free lattice mismatches have been obtained from
Egs. (4.3) and (4.9), respectively. For misfit dislocations, (Aa/as) =

-cot %Bx ABB and no effective Poisson ratio is involved.

A, Experinent

The separation angles between the K peaks were precisely measured

oA
by an X-ray double-crystal diffractometer. The X-ray target was Cu, and
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the first crystal was dislocation-free (100) Si. To provide a highly

parallel incident beam to the specimen, CuKOQ radiation was cut off

with an appropriate silit after the (400) reflection of the first crys-
tal, and K(CuKba) = 1.54051 A. The X-ray penetration depth was esti-
mated to be smaller than 20 pm.

Both (100)- and (111)B-oriented GaAs substrates were used to grow
epitaxial layers, and measurements were made at room temperaiture 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
GaAs (ao = 5,6532 A). The thicknesses of the substrates were approxi-

mately 350 pm, and the thicknesses of the epitaxial layers were 1 to 4

[.l.m-

1. AlGaAs—-GaAs Interface

Addition of Al to the GaAs melt increases the lattice constant

of the AlGaAs crystals as compared to GaAs. LPE Alea _XAS single lay=-

1
ers were grown at 840° to 820°C on both (100)- and (11l)B~oriented GaAs
substrates as the amount of Al in the melt was changed (see Chapter III).
The Al composition x was independently evaluated by an elec-
tron-microprobe analyzer. As discussed in Chapter I1II, the desired val-
ues of x were obtained by changing the weight ratio of Al to Ga in the
melt (no normalization was used). Figure 17 presents typical X-ray dif-
fraction profiles, and the resulting data are summarized in Table 3.
Although the theoretical value of the full width at half maximum (FWHEM)
of the rocking curve for a perfectly flat sample is 8.5 seconds, approx-—
imately 23 and 143 seconds were observed for (400) and (444) reflections,

respectively.
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Fig. 17. X-RAY DIFFRACTION PROFILES OF LPE Alg gs
Gag,15As LAYERS GROWN ON (100)- AND (111)B-ORI-~
ENTED GaAs SUBSTRATES.

Figures 18 and 19 plot the measured strained lattice mismatch and
the corresponding individual 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 for (100)-oriented AlXGal_xAs epitaxial layers

was obtained as (&a"‘/as) (Aleal_xAs) = (3.54 X 10“5) + (28.06 x 10_4):;:.
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Table 3

EXPERIMENTAL DATA OBTAINED FROM ILATTICE-CONSTANT
MEASUREMENTS OF AlGaAs SINGLE LAYERS

Sﬁgfle Compﬁiition AﬂL/aZ a?

* x (x 107) (A)
up1 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
1175 0.489 14.023 5.6574
1185 0.627 17.603 5.6584
1195 0.751 20.512 5.6593
09 0.783 21.556 5.6596
140% 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
2018’ 0.299 7.375 5.6560
201a’ 0.520 12.110 5.6579
152%" 0.738 15.941 5.6595
1407 0.851 17.943 5.6603

TThese samples are grown on (111)B GaAs sub-
strates; all others are on (100) GaAs substrates.

Although Vopp = 0.312 [42] was adopted for the (100) GaAs subgtrate
orientation to determine the strain-free lattice mismatch, Veff==0.190

was estimated for the (i11)B substrate orientation from the ratio of
strained lattice mismatch between (100) and (111)B orientations (see
Fig. 18). Although one theoretical estimate [42] indicated v = 0.303

for {(111) GaAs orientation, no other experimental data are available.
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Fig. 18, STRAINED LATTICE MISMATCH BETWEEN THE AlyGajy _,As EPITAXTAL
LAYER AND THE GaAs SUBSTRATE AT 300 K AS A FUNCTION OF Al COMPOS E-
TION x.

To attain individual lattice comstants from the strain~free
lattice -mismatch (Fig. 19), a_ (GaAs) = 5.6532 A was assumed. It should
be emphasized that, for multiple-layer structures, a double-crystal dif-
fractometer yields only precise lattice mismatch. In the best-fit curve

1-x
ment wi'th the result obtained by Estop et al [38].

in Fig. 19, ao(AlXGa As) = 5.6532 + 0,0084x A which is in good agree-

It should be noted that Al Ga., As-Al_,Ga. _As (x > x') dou-

X 1-x X I-x
ble-iayer samples have the same separation angles as those in single lay-
ers growh from the same melts. In other words, there is no shift in the

separation angle caused by the interaction between the epitaxial layer

and +h'e ‘substrate.
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Fig. 19. STRAIN-FREE LATTICE CONSTANT OF AlgGaj.xAs SINGLE LAYERS
ON DIFFERENT SUBSTRATE ORIENTATIONS AS A FUNCTION OF A1 COMPOSI-
TION x. T = 300 K.

In conclusion, AlGaAs epitaxial layers showed only elastic lat-
tice 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. GaAsSh-GaAs Interface

Just as in the Alea _xAs ternary compound, the addition of Sb

1

to GaAs causes an increase in the lattice constant. LPE GaAsl__ySby single
layers were grown at 840° to 820°C on both (100) and (111)}B GaAs substrates
by changing the amount of Sb in the melt (see Chapter III). Although the
surface morphology of layers grown on (111)B substrates appeared smooth,

the surfaces of most (100) samples displayed cross-hatched patterns as

the result of misfit dislocations at the interface.
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Assuming that the cross-hatched pattern indicates no elastic
lattice deformation, Vogp V2S set equal to 0 for a (100)-oriented lay-
er; in other words, strain-free lattice mismatch can be obtained directly
from the separation angles of the X-ray diffraction profiles. In (111)B-
oriented GaAs substrates, the same effective Poisson ratio (véff==0.190)
as in AlGaAs layers was used, assuming that the elastic constants of the
layer and the substrate ave equal [38]. The data resulting from these
measurements and analyses are summarized in Table 4. As observed in
Chapter III, the data points are somewhat scattered because of uncertainty
in the Sb compositions.

Figure 20 plots the strain~free lattice constants of GaAsSh
single layers grown on (L00) and (111)B GaAs substrates as a Ffunction of
Sb composition. Two interesting results are observed. The first is that,
when ao(GaSb) = 6.0959 A, both (100) and (111)B GaAsSb layers deviate
slightly from Vegard's law. The other is that lattice-matched AIO.SS
Gao.lsAs_GaAsl~ySby double layers can be grown at different Sb composi-
tions, depending on substrate orientation; namely, (100) A10.85Ga0.15As-

As—GaAs Sh double-het-

and (111)B AL, o-Ga, 45 0.976°°0.024

Gads, 085°°0.015

erojunction samples with zero lattice mismatch were grown from melts with

a weight ratio of wa/WGa = 0.13 and a growth temperature of TG = B840

to 820?@. These samples were used in evaluating the measurements of in-—
terface recombination velocity as described in Chapter V. Figure 21 is
the X-ray diffraction profile of a lattice-matched Alo 85Ga0 15As-

Gads double layer grown on a (111)B GaAs substrate. The

0.9768b0.024

AlGaAs and GaAsSbh K peaks cannot be resolved because of the extremely

ol

close lattice match.
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Table 4.

EXPERIMENTAL DATA OBTAINED FROM LATTICE-CONSTANT

MEASUREMENTS OF GaAsSb SINGLE LAYERS

Sizfle CompiZition AﬂL/aZ ﬂﬂ/az io

. y (x 107) | (x 107) &
203 0.0069 e 6.04 5.6566
155% 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
1227 0.0027 2.33 1.58 5.6541
125%" 0.0056 4.16 2.83 5.6548
1237 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
1291 0.0098 11.15 7.58 5.6575
155%" 0.0181 13.94 9.48 5.6586
16117 0.0218 16.45 11.19 5.6595
1247 0.0166 15.08 10.25 5.6590
2028" 0.0249 19.84 13.49 5.6608
205" 0.0250 18.76 12.76 5.6604
154" 0.030 34.02 23.13 5.6663

+These samples are grown on (111)B GaAs substrates; all

others are on (100) GaAs substrates.

In the above analysis of GaAsSb layers, elasgtic lattice defor-

Although misfit dislocations in (100) GaAs

mation or misfit dislocations were assumed.
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in addition to the microprobe analysis errors.

Sh
y ¥

In realaty, both conditions

may occur simultaneously [43], which would produce another uncertainty

assumed, the results from the double layers (see Table 5) reveal that

layers are
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STRATE. T = 300 K.
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Table 5

EXPERIMENTAL DATA OF LATTICE CONSTANT MEASUREMENTS

or AlO.SSGaO.15AS—GaAsl—ySby DOUBLE IAYERS
5b éa¢/as Aa/as a
Sample No, Composition 4 4 ©
¥ (x 107) (x 107) (A)
AlGaAs 23.27 12,20 5.6601
D203 aassh 0.0069 5.90 5.6565
T AlGaAs 17.86 i2.,15 5.6601
D203 GaAsSb 0.010 7.12 4.84 5.6559
£
AlGaAs 22,02 11.55 5.6597
D204 GaAsSh ¢.0155
*
+ AlGaAs 17.64 12.00 5.6600
2
D206 GaAsSh 0.025
+
D155ZT AlGaAs 0.0218 18.94 13.30 5.6607
GaAsSh

TElastic lattice deformation and misfit dislocations were assumed
in the AlGaAs and GaAsSb layers, respectively.

¢These separation angles are not resolvable.

they could 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 lavyers,

which may be the result, in part, of the uncertainty in veff'

B. Discussion

During the analysis of the data, the effects of instrumental broad-
ening (divergence of the beam, focal-gpot size, slit width, and spectral
width of the X-ray emission wavelength), dislocations and mechanical sur-

face damage on the X-ray diffraction profile were not taken into account.
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Actually, FWHM increases with increasing curvature and dislocations.
Although absclute values of the lattice constants could not be obtained,
the precise sepavation angle between the two Kﬁﬂ peaks could be mea-
sured. The error in the separation angle caused by the thicknesses of
the epitaxial layers was negligible.

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

Figure 22 plots variations of the lattice constants of GaAs, Al

0.85

As, and GaAs over a 0 to 1000°C temperature range where

Gay .15

the thermal expansion coefficient « of the ternary compounds is assumed

0.985°°0.015

to follow a linear relationship between those of the two end binary com-—
pounds. As has been discussed, AlGaAs epitaxial layers showed elastic
lattice deformation only because the lattice mismatch between the AlGaAs
layer and GaAs substrate became almost zero at the growth temperature.

As~GaAs

The Aly 5025 15

1 .
0.9858b0.015 ayers, however, showed large lattice
mismatcéh at the growth temperature although the mismatch became zero at
room temperature. The large lattice mismatch between GaASO.9858b0.015
and GaAs at the growth temperature can explain the cross-~hatched pattern
observed on {100) GaAsShb epitaxial layers. No explanation can be made
why elastic lattice deformation was observed on (111)B GaAsSb epitaxial

layers. Although the lattice mismatch beiween the AlGaAs and GaAsSh

epitaxial layers is zero, even the lattice-matched samples display strong
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Fig. 22, VARTATION OF ILATTICE CONSTANTS
OF GalAs, Alg gsGap 1s5As AND GaAsg, ggs
Sbg.oi5 OVER THE TEMPERATURE RANGE OF
0 TO 1000°C. It was assumed that
ao(CGaAs) = 5.6532 A, agy(Alds) =5.6622
A, and 2,(GaSb) = 6.0959 A at 300 K.
Tt was also assumed that {GaAs) =
6.63 x1076/°C [44], «(AlAs) = 5.20 X
10-6/°c [45], and Q(GaSb) = 6.70 X
1076/°c [46] over the entire tempera-—
ture range.
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strain [35] between the first epitaxial layer and the substrate because
of lattice mismatch. Poorer device performance than expected from per-

fectly lattice-matched samples, therefore, may be observed.

In cénclusion, lattice-matched AlGaAs-GaAsSb layers can be grown on

both (100) and (111)B GaAs substrates from the information in Figs. 19

and 20. For example, (100) Al As-GaAs

0.85%%0.15 and (111)B

0.985°°0.015

Al G As—GaAs S

a0.15 0.976 b0.024 double~heterojunction samples with =zero

0.85

lattice mismatch were grown for evaluation from melts with a weight ra-

tio of wéb/wéa = 0.13 and a growth temperature of TG = 840-820°C.

ORIGINAL
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Chapter V

EFFECTIVE LIFETIME MEASUREMENT

This chapter describes EL time-decay and optical phase-shift tech-
niques for obtaining effective lifetime and phase-shift measurements,
respectively. Interface recombination velocities are determined by curve

fitting and are discussed in detail as a function of lattice mismatch.

A, EL Time-Decay

Figure 23 is a diagram [8] of the equipment employed to obtain ef-
fective lifetime measurements on p-p-n DH diodes. The preparation, I-V
characteristics, and EL output of the samples were described in Chapter
IIT.

The diodes were excited by 50 nsec square-wave pulses (100 pps) from
a strip-line pulser (SKL 503A) with a fall time of less than 2 nsec.

Minority carrier injection into the (p)GaAs (or GaAsSb) layers was low

TRIGGER
2 7
| i
| !
i 50 i
{ DELAY CABLE] 478 |
! |
| h s
1 SKL 503A v PM\ CHANNEL A
- CURRENT ¥ Z={TUuBE @o -
PULSER SAMPLE RCA7102 TEK 661
+
POWER
PR PLOTTER

Fig. 23. DIAGRAM OF APPARATUS EMPLOYED TO OBTAIN EL TIME-DE-
CAY LIFETIME MEASUREMENTS ON DH DIODES.
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because of the small carrier concentration (< 1017/cm3) in the (M)AlGads
layers. To detect very weak spontaneoug 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 re-
sponse time and on an X-Y recorder (Beckman 1005-02) that produced either
linear or log plots of the signals from the oscilloscope output. TFigure
24 is a series of linear plots of the detected EL 1light output pulses
from (100)-oriented p-p-n AlO.85Ga0.15As_GaASO,9858bO.015 DH diodes with
zero mismatch.

At least three samples for each value of heterojunction spacing d
were used to measure the decay times which were determined in the linear
portions of the log plots. The results obtained from A10‘85Ga0_15As-

GaAsl~ySby DH samples are tabulated in Table 6 where, although the mea-
sured decay times were slightly scattered (0.5 nsec) in each group, the
shortest values are listed. A few samples did not reveal a single expo-
nential decay constant (confirmed by the log plots), which may be the
result of traps introduced during crystal growth., Bulk lifetime of the
minority carriers [6,7,14] was determined from homojunction diodes with
thick (~20 pm) p-type GalAsSh layers, using the same technique as described
above. In a GaASO.9858b0.015:Ge layer, T, = 11 nsec and Lh = 1.5 um
were measured. These are independent parameters used in the analysis to
establish recombination velocity at the A10-85Ga0.15As—GaAsl_YSby inter-

faces. In the AlGaAs-GaAs system, T, = 31 nsec and Lh = 12 ym were

used I[6] in the evaluation of interface recombination velocities.
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locity as an

PULSES FROM (100)-ORIENTED Alg_ gsGag,1s5As-

GahAsg gg855bpo,p15 DH DIODES. A 50-nsec square-
wave current pulse was used for excitation. The
independent variable is GaAsSb thickness d (pm).

Figtre 25 plots the normalized minority carrier lifetime vs the nor-
malized heterojunction spacing, with reduced interface recombination ve-~
independent variable. In the AlGaAs-GaAs system, a compar-
ison of the experimental data to the theoretical curves (Fig. 25a) reveals
that £ = 0.5 (equivalent to 8 = 2 X 104 cm/sec) is the best fit for

the Alo. g5y 1 sAS—GaAs DH samples; Ettenberg and Kressel [6] reported
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Table 6

HETEROJUNCTION DEVICE PARAMETERS AND LIFETIMES
OBTAINED FROM EL TIME-DECAY MEASUREMENTS

Composition Heterojunction Measured
. and Spacing d ‘Ele?tron
Sample (um) Lifetime T pp
No. (nsec) :
A10_85Ga0.15As—GaAs
81-B ‘ 2.54 6.36 ;
82-F ‘ 6.27 9.83 ‘
: 85-D ‘ 10.08 15.90 ‘
1 Alg sslag,1588-Gahsg og5SPo 015
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. 85620, 1508-0alsg, 9765P0 024
! 302t 1.44 4.20
: 301t 4.20 ~ 3.98
' 3057 6.48 5.31 :
T(111)B 'GaAs substrate orientation.
&= 0.1 (equivalent to 8 =4 X 103 em/see) and £ = 0.2

3
alent to 8§ = 8 X 10 em/sec) for Al 5As—GaAs and the Al

0.25Ga0.7 0.50

Ga0 50As—GaAs DH samples, respectively. It is nteresting to note that,

recently, 8 =3 X 104 cm/sec  was reported [7] for an In, ,Ga, _P-GaAs
interface (0.1l percent migmatch).
In fattice-matched (100)- and (111)B-oriented A10:85Ga0.15AS—GaA51~y

Sby systems, T = 11 nsec and L = 1.5 um served as the basis for our
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47



evaluation of interface recombination velocity. The best fits for the

As-Gads and the (11l)B-oriented

(100)-oriented AL, g Ga, ;o 0.985°°0,015

A10.85Ga0.15As—GaAso'97GSb0.024 DH samples were determined to he § =
0.5 (equivalent to 8 = 7 X 103 em/sec) and £ = 1.0 (equivalent to

g =1.4 % 104 em/sec), respectively.

B. Optical Phase Shift

1. Curve-Frtting Techniques

Effective minority carrier lifetime can be indirectly deter-
mined from optical phase-shift measurements. When the sample is excited

by a pulsed laser, the PL output P [14] is

P = ¢ = cr o9

. 3 i/2
(1 - Jwreff) + B+ JmTeff)

(5.1)

where C, C' are real quantities, « is the angular frequency of the
pulsed laser, and 6 is the phase difference (or phase shift). The phase
difference 8 between the fundamental Fourier component of the scattered
laser and PL output of the sample was directly measured by this technigque.
To achieve a more perceptive insight intce the curve-fitting
technique described above, the following mathematical transformation was

made;
i/2 j tanhl wr
. 2 2 eff
i+ Jwreff._ é.4—m Teff) e (5.2)

From the denominator of Eq. (5.1), therefore, tan & dis defined as
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wT + 5(1 + mz'rz )1/4
eff eff

i/4
2 2 )
1+§(1 W en

-1
i 1/2
sin (/ tan me.ff)

tan 6 = (5.2)

-1
cos (1/2 tan me:ff)

vhere, from Eqs. (2.4) and (5.3), +tan 6 is evaluated as a function of
38, d, To? and Ln; in Fig. 28, T, = i6 nsec and Ln = 8.9 ym are the

fixed variables. As demonstrated in Chapter II, for given values of T o

8 I T T q =
3¢ 15.’9-(’”-"
Q =~
*
7 ‘5:6/// ’_.—-"-_. .
/ 5 -
RS o ~
e 7 & T
6 / /// :\-A/'\O/// .
// // ///
5 // , 57‘\9/// -
[/ =T
g 4_. ! / / -~ 2 - n
/ 7/ -
/7 - b
/ /l/ // e 313\0 R
- / / / < — —
3/ VA —_
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v ]
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/7
0 ] { | { ]
0 2 4 6 8 10 12

THICKNESS, d(pm)

Fig. 26. DETERMINATION OF THE INTERFACE RECOMBINA-
TION VELOCITY BY CURVE. FITTING OF OPTICAL PHASE~-
SHIFT DATA.
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and Ln’ the interface recombination velocity S 1is determined by curve
fitting from the measured values of d and €. It can be seen in Fig.
26, that tan & decreases with decreasing d and increasing S; it also
increases with increasing T, When T, is varied from i3 to 28 nsec,
there is little difference in tan & when d < 10 pym which dindicates
that T is not critical at certain ranges &hen determining S. In ad-
dition, when T, is smaller than 1 nsec, the curves for different val-
ues of S are very closely located. As a result, this type of analysis

is inadequate for the evaluation of interface recombination velocity.

Similar curve-fitting technigues have been used by Hopkins [9].

2. Phase—~Shift Measurement

Figure 27 is a plot of the intensity modulation of a Kr-ion
lager beam (Coherent Radiation, Inc., S500K) obtained by a mode-locker
{(Coherent Radiation, Inc., 465) and included is a diagram of the equip-

ment employed in optical phase-shift measurements. The repetition fre-

quency of the pulsed lasex beam was £ =~ 114 MHz (Fig. 27a), and the
average power was Pavg = 50 mW. The sample was excited by the 6471 A
laser line. The penetration depth in GaAs and GaAsSbhb layers was ~1/4
pn. A small part of the laser beam was detected by a Si’avalanche pho-
todetector after it had been separated from the main beam by a splitter
(glass plate) and amplified by an HP 461A. After passing through a band-
pass filter, it was used as a reference signal (channel A) of the vector
voltmeter (HP 84054A). The PL output of the sample was detected by a
photomultiplier (RCA (310244 or RCA 7102) after passing through a grat-

ing spectrometer (SPEX 1672 Double-Mate) with a 5 A resolution (0.25 mm

s1lit width) and was then directed to the signal channel of the vector
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voltmeter through an amplifier (HP 462A) and 2 bandpass filter. The dif-
ference in phase between the photoexcitation and PL output of the sample
is measured by the vector voltmeter which can also measure absolute sig-
nal amplitudes on both channels. The phase difference between the scat-
tered excitation signal and the reference-channel sighal establishes a
"zero" phage 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 concentra-
tion to equal approximately its equilibrium value so as to ensure that
the bulk lifetime is constant. Such measurements were made at room tem-—
perature, and the results (namely, tan 8) are listed in Table 7. It
was also obgerved that the short wavelength PL output C>Eg) had smaller
phase shifts (shorter radiative lifetimes) and that the long wavelength
Pi, output G(Eg) had larger phase shifts (longer radiative lifetimes).

Figure 28 plots tan 8 vs d from the data in Table 7. In

the AlGaAs—-GaAs system, Ty = 16 nsec was measured by the same optical

phase—-shift technique. Curve fitting the experimental data with the
. e s 4

theoretical curves (see Fig. 28a) indicates that S = 3 X100 cm/sec and

Ln = 8.9 ym are the best fits at an Al 5As-GaAs interface. Al-

0.85%%0.1
though a different value of T, 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) produce similar results. The different
values of Ty may stem from the fact that EL is an electrical injection
mode and PL is an optical injection mode; however, Ty is not critiecal

at certain ranges when determining S (see Section B.1). The effective

lifetime of sample DH-35 was measured at both 300 and 77 ¥, and it was
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'Tabie G-1

Comparative Costs of Alternative Dam Inventory Techniques

Data Acquisition
Classification
Control
Correction
Personnel

Output

Data Acquisition
Compilation

Registration,
and Mosaicking

ELLTAB

$3600
$ 315
$ 450
$ 900
$1000

$6265
500

$6765

MANUAL OPTION

il

18 x $200 @ frame
9 x $ 35 @ frame
9 x $§ 50 & frame
9 x $100 @ frame
6 man months

$5200
$8950

$9300

——

$23450

1}

10% of area of state @ $.14/kn?
10% of area of state @ $.24/km2

10% of area of state @ $.25/km2

ORIGINAL PAGE IS

OF POOR

QUALITY



Table 7

HETEROJUNCTION DEVICE PARAMETERS FOR OPTICAL PHASE SHIFT

Composition and Heterojunction Phase-Shift
Sanmple No. Spacing d (um) tan 8

Alg,85Gap,154s-GaAs

39 3.2 1.78 to 2.18
42 5.0 2,00 to 2,78
37 5.7 2.37 to 2,92
35 6.6 Z.20 to 3.06
40 8.0 2.79 to 3.33
38 9,0 2.69 to 3.19

Alg 85Gap,15As-GaAsg 9855Pg 015

210 1.12 1.73 to 1.80
213 3.84 4.33 to 4,70
207 2,92 5.67 to 6.31
212 6.00 4,92 to 5.14
211 6.96 5.14 to 5.87
208 9.61 5,14 to 5.67
209 11.89 5.67 to 6.31

Alg, gsGag, 1 5As-GaAsg gg3Sbg 017

135BT 2.16 2.36 to 2.75
133" 2.28 3.27 to 3.73
13547 2.35 3.49 to 4.01
13447 3.00 3.73 to 4.33
13347 3.60 3.73 to 4.70

Alg, g5Gap,1545~GaAsg 9765bo 024

213t 2.40 2,05 to 2.14
2077 2.74 1.33 to 1.38
211t 4.80 2.36 to 2.48
2081 5.88 2.25 to 2.36
2097 7.80 9.48 to 2.61

f(lll)B GaAs substrate orientation.
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observed that its lifetime increased from 3.6 nsec at 300 K to 23.4 nsec
at 77 K.
in lattice-matched (100)- and (111)B-oriented A10.85Ga0.15As—

GaAsl_ySby systems (Fig. 28b), = 14 nsec was measured. The best

T
o
4

fits are S = 6 X 103 and 2 X 10" cm/sec with LIl = 3.74 m at the

(100)-oriented Al As~GaAs

0.85Ga0.15 and (111)B-oriented Alo t

0.985°20.015 .85

b interfaces, respectively.

Gag 15750288, 576500 024 !

C. Discussion

Figure 29 summarizes the measured values of interface recombination
velocity as a function of strain-free lattice mismatch at room tempera-

ture. 'The & indicates the (100)-oriented AlXGa _XAS-GaAs interface sys-

1
tem, and A and M denote (100)- and (11l)B-oriented AlO.SSGaE).15AS-
GaAsl—-ySby interface systems, respectively. In addition, O designates
optical phase-shift measurements, whereas the remaining points specify
EL time-decay measurements. In the AlGaAs-GaAs system, the poinits at
0,038 percent ({(x = 0.25) and 0.075 percent (x = 0.50) mnismatch are
those reported by Ettenberg [6] of RCA, and the ones at 0.126 percent
(x = 0.85) mismatch are the results obtained from this analysis. Note
an exponential relationship between interface recombination velocity and
lattice mismatch.

The addition of 1.5 percent Sh to (100)-oriented GaAs produces a
near-zero mismatch in A10.85Ga0.1
tion velocity from (2 to 3) X 104 em/see (y =0) to (6 to 7) X 103 cm/

sAs and lowers the interface recombina-

sec. Although this value is slightly higher than expected from the lin-
ear relationship in the semilog plot, solar cells made from such a com-

bination of materials should have an excellent spectral response at short
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The &, A, W are from EL time-decay
techniques, and @, @,@ are from
optical phase-ghifi techniques.

wavelengths resulting from the large band gap of the A10.85Ga0.15AS
window material (Eg = 2.05 eV) and at long wavelengths because of the
addition of Sb to the GaAs active layer. Theoretical studies [20,47] in-
dicate that, when the interface recombination velocity becomes less than
104 em/sec, further reduction in § does not improve the solar-cell
spectral response. The lattice-matched AlGaAs~GaAsSb solar cells devel-

oped in this research, therefore, are nearly ideal in this respect.
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gimilar measurements on a lattice-matched (1il)B-oriented A}O 5

; 4
b interface resulted in 8 = (1.4 to 2) X 10

Ga, 15A8-GaAS, 4065Ph 004

em/sec, and S = 2 X 103 cm/sec was obtained ‘at a (111)B-oriented

~

Al As—-GaAs

- ~0.048 .
0.85Ga0.15 b interface (~0,048 percent mismatch at

0.983°°0,017

300 X). Both samples revealed elastic lattice -deformation without mis-

-

fit dislocations. .

4
Ettenberg [8] obtained S = 2.5 X 104 and 3 X 10" cm/sec at Ing 593

Ga P-GaAs (~ 0,14 percent mismatch at 300 K) and In G: P-GaAs

0.497 0.491°%0,509
{(~ 0,048 percent mismateh at 300 K) heterojunction interfaces, respec-
tively. Both samples displayed only elastic lattice deformation. The
In0.4916a0.509P-GaAs interface had approximately the same recombination
velocity as that of our AlO.SBGaO.15AS-GaAS interface although the former
had a much smaller lattice mismatch at 300 K, Ettenberg concluded that,.
vhen the lattice constant of epitaxial layers was larger than -the under-
lving substrate, the interface recombination velocity varies linearly as
a function of growth-temperature lattice mismatch resulting in misfit

_— ’

dislocations; however, there were no misfit dislocations in the above

InGaP-GaAs samples.
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Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The interface recombination velocity as a function of lattice mis-

match at AlXGa _xAs—GaAS (or GaASl«ySby) heterojunction intexrfaces was

1
investigated. P-p-p and p-p-n DH samples were prepared on (100)- and
(111)B-oriented boat-grown (n)Gads:Te substrates, using a horizontal
sliding boat LPE growth system. The values of X and y were controlled
by adding known amounts of Al or Sb to As-saturated Ga melts. Auger
analyses in addition to Al or Sb concentration microprobe line profiles
and PI, spectra revealed that the DH sampies had nearly abrupt hetero-
Junctions and that there was no perceptible cross diffusion of Al or Sb
at the interfaces.

A method was developed to determine the lattice mismatch and the
lattice constants in mixed single crystals. When heteroepitaxial layers
were grown, either elastic lattice deformation or misfit dislocations
were observed because ;f the differences in the lattice constants and
thermal expansion coefficients. An effective Poisson ratio was applied
to the elastic lattice-deformation condition to detect the strain-free
lattice mismatch from the strained lattice mismatch; in misfit disloca-
tions, the strain-free lattice mismatch was obtained directly from X-ray
diffraction profiles rather than from the Poisson ratio. From precise
measurements of AlGaAs single layers grown on GaAs substrates, veff =

0.312 and 0.190 were observed in (100)- and (111)B-oriented AlGaAs lay-

ers, respectively. No v was involved in the (100)-oriented GaAsSb

eff

layers although Vogs = 0.190 was chosen for the (1ll)B-oriented GaAsSb

layers.
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Assuming that ao(GaAs) = 5.6532 & resulted in aO(Aleal_xAs) =
5.6532 + 0.0084x A which is in good agreement with Vegard's law. Lat-
tice-matched A10.85Ga0.15As-GaAsl_y_Sby layers were grown on both (100)-
and (111l)B-oriented GaAs substrates at a ratio of st/Wéa = 0,13 and a
temperature of 840 to 820°C although the corresponding Sb compositions
were different (y = 0.015 and 0,024) because of the dependence of the
Sb distribution coefficient on substrate orientation. When ao(GaSb) =
6.0959 A was assumed at 300 K, both (100)- and (11l)B-oriented GaAsShb
layers deviated only slightly from Vegard's law.

Interface recombination velocity in the A10_85Ga0.15As—GaAsl_ySby
system was determined from the dependence of the effective minority car-
rier lifetime on double-heterojunction spacing, using both optical phase
shift and EL time decay, and good agreement between these recombination
velocities was obtained by the two techniques. The addition of 1.5 per—
cent Sb to (100)-oriented GaAs produces a near-zero mismatch with A10.85

Ga0 15As and lowers the velocitiy from (2 to 3) X 104 (y =0) to (6 to

3
7) X 107 em/sec. Iattice-matched (100)-oriented Al

Sbo 015 scolar cells have sufficiently low values of § to make them

0.85%%0,15° %A% og5
nearly ideal devices. They should have an excellent spectral response

to photons with energies over the full range from 1.4 to 2.6 eV.

B. Recommendations

The recombination velocities at A10.85G30.15AS_GaAS - Sby hetero~

1-y

junetion interfaces were measured only at room temperature. An exponen-
tial relationship between interface recombination velocity and lattice
mismatch was observed in the AlGaAs-GaAs system; however, these veloci-

ties deviated at Al 5As—GaAs Sby interfaces. As a result,

0.85%%0.1 1-y
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thermal expansion coefficient measurements of these ternary materials
should be conducted over the range from room to growth temperatures so
as to determine the general relationship between interface recombination
velocity and lattice mismatch in systems based on different materials.
The analysis should include a quantitative evaluation of the contribu-
tions of misfit dislocations and elastic strain to recombination veloc-
ity. The measurements should also extend to AlGaAsP-GaAs iﬂferfaces.
The information obtained from all of these measurements can then be used
to optimize the performance of heterojunction solar cells and other de-
vices such as light-emitting diodes and laser diodes.

This investigation has demonstrated that the recombination velocity

at a Al 5As~GaAs Sb lattice-matched heterojunction is

0.85%%0.1 0.985°°0.015

sufficiently small for maximum solar-cell collection efficiency. This

result should be tested by constructing working models of (p)AlO 85Ga0 15

As-(p)GaAs b -{(n)GaAs solar-cell structures. The spectral re-

0.985°°0.015

sponse, short-circuit current, fill factor, and conversion efficiency

should be examined under terrestrial sunlight conditions and compared

to conventional AlGaAs—GaAs solar cells.
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Appendix

ELASTIC DEFORMATION OF CUBIC LATTICE AND REIATED ELASTIC CONSTANTS [48]

Two-Dimensional Case: cr'L =0

Definition
N R —
1 I = E = 0I:/eu
L |
L L a
a +Aa : : U'“ v = _E-L/(_:”
A
Y ] then,
I H
-I e =(1/E) o
at
n n E-L = ("V/E) 0'“
m——wl A -Aa — —
Three-Dimensional Case: Uzz =0 and Um = O‘yy =a
z —
e = Eyy
=y 1
y =€ €
I ’ n
[ i d Sz T 2€
j S
rs
// = (-2v/1-V) e
Txx
N = ST e
on 1§ LAl PREE BLAR
RIGINAL ?AMIE‘A B
or
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