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PREFACE

It is no exaggeration to say that the semiconductor
industries which serve the communication systems and, in fact,
whole industries, have been supported by silicon technology.
One might say, " Silicon is the Superman " of the various
semiconducting materials. However, silicon has not been the
only material supporting the semiconductor industries. Since
silicon has an indirect energy band gap of 1.1leV, it can not
be used for laser diodes, nor is it always a suitable material
for microwave and opto-electronic devices.

The III-V compound semiconductors, which were called

'magic crystals' in the 1960's, have been produced for use_in
various electronic devices resulting in higher perfbrmances
than those obtained from devices using silicon. High quality
single crystals have been made and epitaxial techniques es-
tablished. The electronic devices that have been fabricated
using III-V compound semiconductors are; (1) microwave devices
such as the IMPATT and Gunn diode (GaAs, InP, InGaSb; etc.),
(2) opto-electronic devices such as the laser diode, LED, APD,
and the solar cell (GaAs, InP, GaP, GaAlAs, InGaAs, GaAsP,
InGaAsP, etc.), and (3) high-speed FETs such as the MESFET
and HEMT (GaAs, InP, GaAlAs, InGaAs, etc.). These electronic
devices, which either could not be prepared from silicon, or
the performance of which is better than those using silicon,
Ahave‘been playing important parts in the semiconductor indus-
tries. The high performance of these devices originated from

the inherent properties of III-V compound semiconductors,



j.e., various direct energy band gaps, the small electron
effective masses, etc. Most of the opto-electronic devices
and_the high-speed FET such as HEMT consist of multi-layers of
III-V compound semiconductors and of their alloys, in which
each layer has a different energy band gap and the same lattice
parameter. One must not overlook the heteroepitaxy ‘tech-
nology, which has produced heterostructure multi-layers on
suitable substrates. Heteroepitaxy technologies, for instance,
LPE, MBE, and CVD, were established in the 1970's.

RED of III-V compound semiconductor devices will continue
in the 1980's, since III-V materials can be used for high
performance opto-electronic devices, which are essential for
optical communication systems. Fbr example, the optimum
design of silicon deV;ces is relatively easy, because the physical
properties and parameters have been thoroughly investigated.

In other'words,without'a knowledge of the physical properties
and parameters, the optimum design of the electronic devices
would have been difficult, if not, impossible. Most of the
I11-V compound semiconductor devices mentioned above usually
consist of III-V binary, ternary, and quaternary solid solutions
such as GaAs, InP, GaAlAs, InGaAs, and InGaAsP. The physicai
properties and parameters of the III-V binary solid solutions
have been relatively well investigated. However, those of

the ternary and quaternary solid solutions, especially the
electrical properties, have not been sufficiently investigaféd.
In order to obtain a higher performance from III-V compound
semiconductor devices, it is necessary to investigate the

physical properties of III-V compound semiconductor alloys.
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GaAlAs, InGaAs, and InGaAsP have hitheto been the most commonly
used device materials, and these will bé used in the 1980°'s.
However, other optoelectronic alloy materials should also be
jnvestigated as there exists wavelength regions which the above
materials caﬁ not cover. III-V materials with energy band gap
wavelength region in the visible and infra-red wavelength regions
are required. |

In the 1980's, further RED of III-V compound semiconductors
will be required, and it must be recognized that this will
involve investigations of their physical properties and

development of new materials.

This thesis describes the theoretical and experimental
achievements which have been obtained from a systematic study
of p-type Gal—xAles ternary alloys, with particular cosid-
eration to the new III-V quaternary alloys needed for the
opto-electronic devices in the 1980's, the development of

(AlXGa As which is one of the II-II-II-V quaternary

l—x)ylnl—y
alloys, and the development of high performance GaAs based
solar cells as an application field.

This thesis consists of five PARTs. In PART I, an over-
view of this work is described. The theoretical and experi-

mental achievements are described in PART II , PART II, and

PART IV . The general conclusions are described in PART V.
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INTRODUCTION

Chapter 1. Overview and objectives of this research.

Chapter 2. Fundamental features of III-V semiconductors.



CHAPTER 1. OVERVIEW AND OBJECTIVES OF THIS RESEARCH.

III-V compound semiconductor alloys have been utilized
in the preparation of various electronic devices, and they
yield higher performances than those of silicon devices.
Although it is self-evident that physical properties, such as
electrical properties, of III-V compound semiconductor alloys
must be investigated in order to obtain an optimum-design and
hence high performance devices, little attention has been paid
to this requirement. Consequently, research was initiated
based on this point of view, and aims of this research work
were to investigate the behaviour of II-column impurities in

G AlXAs ternary alloys, to develop new III-V quaternary

31-x
alloys, and to develop high performance GaAs based solar cells

on the basis of the above achievements.

This tﬁesis is separated into five PARTs and consists of
twelve chapters. Table 1-1 shows an overview of this research.
The theoretical and experimental achievements are described
in PART II, PART III, PART IV. In PART V, the general

conclusions are stated.

The general features of the research are described in
PART I. Fundamentals of the physical properties of III-V
compound semiconductors and the epitaxial growth techniques are

briefly described in Chap. 2.



Ga,_, Al ,As is one of the most commonly used III-V ternary

1-x
““alloys. However, only a few systematic studies of the

kphygical properties of p-type Gal—xAleS have been reported.
A detailed systematic study of the physical properties such

‘as transport properties of p-type Gal_XAles is described

in PART II.
The Gal—xAleS ternary alloys in this work were prepared
on GaAs substrates. The fundamentals of LPE technique are

described in Chap. 3.

II-column impurity diffusion during the LPE growth process
is described in Chap. 4. It is shown that the diffusion
process in GaAs can be represented by simple diffusion in a
semi-infinite medium, if the surface free-carrier concentration
is less than about 6x10%8cm™>.

In the previous analyses of hole mobility, an important
problem has been neglected, i.e., the analytical expression
for the Hall mobility. Hitherto only the calculated drift
mobility and the experimentally observed values for the Hall
mobility were presented. An analytic model for hole mobility,
termed the Modified Two-Band Transport model, in which the
drift and the Hall mobilities can be separately calculated, is
derived in Chap. 5. The numerical calculations show clearly
that the existence of alloy scattering in Ga; Al As influences
the room temperature mobility.

The acceptor energy level in Gal—xAleS’ which is produced
by Zn or Be, affects the transport and optical properties.

The acceptor energy level in Gal—xAleS increases with

increasing Al composition x, and this is demonstrated



f,theoretically and experimentally. The alloy scattering
~ potential, which influences the hoie mobility in ternary alloys,
 #;$rexperimenta11y determined for p-Gal_XAles. A value of
'abo&t 0.7eV for this potential in p-Ga; Al As was obtained by
fitting the theoretical values to the experimental values.

These results are described in Chap. 6.

The new III-V quaternary alloys are required for the
preparation of opto-electronic devices operating in the infra-
red and the visible wavelength regions. The development of
new quaternary alloys is described in PART III.

The III-III-III-V quaternary solid solutions such as
ﬁu(AlGaIn)As and (AlGaIn)P are suitable materials for opto-
electronic devices operating in these wavelength regions.

It is shown that the molecular beam epitaxy technique is the
most suitable epitaxial growth technique for these materials.
These alloys and the growth techniques are discussed in Chap.

In Chap. 8, the MBE preparation of (AlXGal_X)yIn As,

1-y
which is one of the III-III-III-V quaternary sloid solutions
and is suitable for opto-electronic devices operating in the
infra-red wavelength region, is discussed. This is the first
reported preparation of this quaternary solid solution (on an
InP substrate) in the world. It is shown that (AlGaln)As
lattice matched to InP has the predicted energy band gap and

that it is possible to prepare both n-type and p-type films.

The development of GaAs based solar cell, which possesses

the highest energy conversion efficiency among the various



?fsolar cells, is carried out on the basis of the results given
f}in PART II. The GaAs solar cell development is described

o in PART IV.

o The necessity for further solar cell R&D and the current
status of GaAs based solar cells arediscussed in Chap. 9.

From a systematic study of p-type Gal_xAles described in
~Chap. 6, it is shown that beryllium is a mofe suitable p-type
dopant for (GaAl)As/GaAs heterostructure solar cells.

The development of (GaAl)As/GaAs p-p-n solar cells is described
in Chap. 10. Finally, the development of the monolithic
series-connected multi-junction solar cell arrays is described

~in Chap. 11.
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;{GHAPTER 2.

* FUMDAMENTAL FEATURES OF III-V COMPOUND SEMICONDUCTORS.

In this chapter, the fundamental physical properties of

I111-V compound semiconductors are described.

""2.1. Fundamental physical properties of III-V compound

semiconductors with particular emphasis on the

Ga XAlXAs ternary system.

1-

2-1-2. Crystal structure.

The III-V compounds of interest in this work are those

between Al, Ga, and In (group-III), and P, As, and Sb (group-V).

‘A1l of the III-V binary compounds crystallized in the zinc-blende

lattice structure. A unit cell structure is shown in Fig. 2-1.

The zinc-blende lattice for a binary compound AIHBV consists

of two interpenetrating FCC sublattices (each sublattice
containing only A or B atoms) displaced along<lll> direction by
a distance of one A-B bond length. If all atoms of the B sub-
lattice were replaced by A atoms, one would obtain a lattice

of slightly higher symmetry : the diamond structure of group-IV
semiconductors. The additional symmetry gain in going from
zinc blende to diamond is known as an inversion symmetry ( the

symmetry operation in which T is replaced by-¥) .



@ 6o O as

- Fig. 2-1.

The unit cell in GaAs for the zinc-blende structure. The lattice
constant is 'a'. The six faces of the cube are the six

equivalent (100) planes.

Fig. 2-2.
The first Brillouin zones for the zinc-blende and diamond lattices,
‘showing the principal symmetry points and lines labeled in the

conventional notation.



In ternary III-V solid solutions, the lattice parameter of the
,nystaltal generally scales linearly with composition (Vegard's
?iaw): It must be noted that linear variation with composition
fdoes not, in general, occur for the other properties. However,
when detailed data are unavailable, it is often necessary to

use linear interpolation.

2-1-2. Energy band structure.
The first Brillouin zone for the zinc-blende lattice is
shown in Fig. 2-2 with high-symmetry points and lines labeled
~according to standard notation.
Figure 2-3 shows the major feature of the energy band
?structure of GaAs. The band structure depends on the crystal
direction. This figure serves to illustraté the major features
"of the band structures of all III-V compound semiconductors.
The band structure of other III-V compound and group IV semi-
conductors differ from GaAs only in quantitative detail.
‘In GaAs, a direct energy band gap material, the minimum energy
in the conduction band and the maximum energy in the Valencé
band both occur at the same value of ; (k=0). For an indirect
energy band gap material, the minimum of the conduction band
does not occur at k==0. In the 9 binary III-V solid solutions
(see Table 2-1.), there are four indirect materials.
The minimum of the conduction band of these indirect material
occur at point X. The energy band gaps of T, X, and L points
of the binary compound semiconductors at room temperature are

listed in Table 2-1. It is better to note here; when one



ation 'the energy band gap of a semiconductor', it generally

ans the lowest energy band gap. The temperature dependence of

:hé;energy band gap is generally written as
E, (T) = Eg(0) - oT?/(T+0), (2-1)

_ where Eg(T) is the energy band gap at 0°K, o an empirical

4 1

‘;parameter of ~5x10 "eV-K ~, and 0 an empirical parameter often

~near the Debye temperature. For GaAs, Eg(O)=l.519eV, a=

‘ev.x" !, and e=204K.

5.405x10°
For the ternary and quaternary solid solutions, it is the

most important to determine the compositional variation of

the energy band gap; The energy band gap of the ternary alloy

AXB xC can be generally written as

1-

Eg = a + bx + CXZ (i=r, X, and L). (2-2)

Figure 2-4 shows the compositional variation of the energy

band gaps of Ga XAlXAs. Since GaAs has a direct energy

1-
gap whereas AlAs has an indirect ehergy gap, the direct-indirect
conduction band crossover occurs.The compositions of this cross-
“over from x=0.37 to x=0.45 have been assigned. This region

of 0.4<£x20.5 where the bands cross is relatively uncertain at
present time. Table 2-2 listed the energy band gaps and the
density-of -states effectivemasses of GaAs,AlAs, and Ga1~XA1XAs,
which were summarized by Casey (1978). Although there may

remained the uncertainty of each value in Tabel 2-2, they are

some of the most reliable values available at the present time.
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,‘;1_3_ Valence band structure.

In the absence of spin-orbit sblitting, the highest
;poiqt of the uppermost valence band is at T and is sixfold-
iadegenerated including spin degeneracy. When the spin-orbit
~effects are included, this band split into a fourfold degenerate
~band (FS) and a doubly degenerate band (F7).by an energy Zs
~(the zone center spin-orbit splitting). For points away from
:k=0, the symmetry is lower and the Ty band is further split into
_ two doubly degenerate band called heavy hole (Vl) and light

hole (VZ) band, The T. band at at the zone center is known as the

7
split-off band (VS).

Dresselhause (1955) gave an approximate expression
for the heavy- and light-hole energy surface in terms of the

valence band parameters.

4 2..2,2..2,2.,1/2
kprkpko+k ko)) / 1, (2-3)

o

E (L) - -(’BZ/ZmO) [ak:(B%x*+c? (x

where A, B, and C are valence band parameters. These bands
(the upper sign corresponds to v, and the lower to Vl) are
approximations to the more accurate band, and are only valid
near k=0. |

There are various parameters, which can represent the
valence band structure: L, M, and N (which often appear
in the text books.) and IEEALY and YS( the Luttinger's valence
band parameters, Luttinger, 1956). The relationship between

these parameters are given by;



= (1/3)(L + 2M) + 1, : (2-4)

= (1/3)(L - M) , (2-5)
2 2
C = (1/3)(N° - (L - M%)}, (2-6)
:iand

‘ .A = —Yl, : (2—7)

B = A(w -—0-6), (2-8)

C = AS(5u - &), (2-9)

with

§ = '(YS“YZ)/Yl . (2-11)

~Table 1-3 contains values for 71, Yz, and 73 given by Lawaetz

(1971), together with the equivalent L, M, N, A, B, and CZ.

Using Luttinger's valence band parameters, the effective
~masses of Vis Voo and Vo bans are represented as follows:

The effective mass m, of the split-off band Pg is given by

mg/m, =y +F) (2-12)
where

y = B /3By +T.) , (2-13)

F = —Ep/E; o) (2-14)

'*) The representation for Ep is complex. The details are

omitted here.



The v, and v, band are strictly anisotropic as shown in

1-3. However, it is convenient to determine the average

ylthe scalar effective masses. The average light hole and

~ heavy hole effective masses are given by

my/mg = (e (2-15)
my/m_ (1+0.05y, +0.164v;)"/>/(vq - 7), (2-16)
where
— 2
Y = (ng +2Y3)1/2 ) (2-17)
B 2 2, - _
vy = 6(vz - v ) /v (v -v) . (2-18)
(*)

;iThese effective masses are also listed in Table 1-3.

~*) The heavy and light hole effective masses calculated by
equations 2-15 and 2-16 are 0.62 and 0.074,respectively,
when one use the parameters given by Lawaetz (1971).
However, m1w0.48 and m2m0.067 have been uéed as more

reliable values in many reportes. Consequently, the

Luttinger's valence band parameters should be recalculated.
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1-4. (GaAl)As/GaAs heterostructure.

The heterostructure generally means the multilayers of

fferent semiconductor films on a suitable semiconducting
ubstrate. Each layer generally has a different energy band

gap and different physical properties. For example, in laser

ddes, the active layer is sandwiched between grad layers, which
hé&é wider energy band gaps and smaller refractive indices than
;hose of the active layer. This structure is generally called
gﬂgouble-ﬂetero(DH) structure, and it exhibits both carrier and
optical confinement actions. Of the various opto-electronic
devices which are formed by III-V compound semiconductor alloys,
gﬁe heterostructure has been widely utilized. It is noted that
éach layer which makes up the heterostructure must have the same
lattice parameter in order to avoid the interface-state effects.
It is a general requirement to have less than a 0.3% lattice
mismatch between each layer in order to produce a predicted
properties of a heterostructure, Since the lattice mismatch
betWeen GaAs and AlAs is about 0.13%, the heterostructure

constructed by Ga XAlXAs and GaAs can produce a good hetero-

1-
structure, In fact, the first reported DH laser diode was
fbrmed by a (GaAl)As/GaAs heterostructure (see Sec. 7-2.).
Furthermore, there are no other combinations between binary and
ternary solid solutions such as that between GaAs and Gal—xAleS
(Sée Table 2-1.). Recently, the heterostructure using III-V
quaternary alloys such as in the InGaAsP/InP system has received

wide attention for the production of high performance opto-

electronic devices.



Various epitaxial growth techniques for III-V compound

semiconductors.

'Epitaxial growth'means the growth technique of solid
<piutions on suitable substrates; and the solid solutions
:avé the same lattice strucuture and the same lattice constant
s the substrates. Most of the electronic-devices fabricated
.using III-V compound semiconductors have a heterostruéture, and
éféquire the development of heteroepitaxial growth of thin -
;multi—layers of I11-V solid solutions.

. There are three epitaxial growth techniques that are of
;interest for III-V compound semiconductors. Growth on single-
.crystal substrates from metallic solutions in a graphite boat,
This is called liquid phase epitaxy (LPE), and ié the most com
~commonly used process for heterostructure devices. The technique

called molecular beam epitaxy (MBE) is one in which beams

.of atoms and molecules from effusion ovens in an ultra-high-
vacuum system impinge on a heated substrate. Chemical vapor
‘deposition (CVD) is epitaxy by the transport of reactant
_species in a flowing gas stream to the substrate where a

deposition reaction occurs.

In this work : the Ga; Al As layers in PART II and the
(GaAl)As/GaAs heterostructure solar cells in PART IV were
prepared by LPE. Chapter 3 summarizes the details of LPE.
The (Aleal-x)yInl-yAs layers on InP substrates in PART III
were prepared by MBE. The details of MBE techniques are

discussed in Chap. 8.



There are four different CVD techniques, i.e., the water-
pour transport process, the halidé process, the hydride
éroqess, and the metal-organic-(MO)-CVD technique.  Of these
’récesses the MO-CVD technique has been taken attention, since

Yockwell group reported (GaAl)As/GaAs DH laser diodes fabricated

~using this technique in 1978.

Table 2-4 summarizes the distinctive features of each

iépitaxial growth technique.
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PART II

apter

apter
~ Chapter

Chapter

BEHAVIOUR OF II-COLUMN IMPURITIES IN Ga XAlXAS.

Fundamentals of liquid phase epitaxy.

Diffusion of II-column impurities into GaAs

and Gal—xAleS during the LPE growth process.

Analysis of hole mobility in III-V compound

semiconductors.”

Electrical properties of p-type Gal—xAleS'



CHAPTER 3.

FUNDAMENTALS OF LIQUID PHASE EPITAXY.

%1, Introduction.

Liquid phase epitaxy (LPE) is widely used for the
f“preparation of III-V ternary and quaternary alloys. The
Gal-xAleS layers described in chapters 4 v 6 and (GaAl)As/GaAs
heterostructures described in chapters 10 and 11 were prepared
_ on GaAs wafers by LPE. In this chapter, the fundamentals of
_ LPE such as the phase equilibria and the growth process are

summarized.

3-2. Phase equilibria in III-V systems.

In LPE growth of ternary (and quaternary) compound films,
it is obviously desirable to be able to predict theoretically
the dependence of the ternary crystal composition on the
“liquid composition at various temperatures. The ternary
system phase diagrams have been determined by many authors,
and reviewed in the literature (Casey, 1978; Kressel, 1977).

The liquidus isotherms for the Al-Ga-As ternary at 300°C,
900°C, and 1000°C are given in Fig. 3-1 with the triangular
cordinates generally used for ternaries. For LPE growth
of Gal_xAles, the liquidus and solidus isotherms at the Ga-

rich corner are important. In Appendix A, the general

- 21 -
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}iformulae for the IIIM-v system is derived. The phase diagran
for the Al-Ga-As ternary system can be determined as a special
case of the deviation Appendix A.* Figure 3-2 shows the
liquidus curve (a) and the solidus composition as a function

- of the liquidus composition (b) at the Ga-rich corner.

Using these results,the liquidus composition at a given tem-
 perature and for a given solid composition can be obtained

~ (see Fig. 3-8).

3-3. Impurity incorporation in LPE.

Table 3-1 lists the ionization energies for various
~dopants in GaAs divided into three major categories, namely
simple donors, simple acceptors, and complex ievels involving
the group IV atoms. Transition metals are listed separately.
0f these dopants, n-type Sn, Si, and Te, and p-type Zn (used
in this work), Mg, Ge, and Be (used in this work) are normally
~used in LPE.

Although the distribution coefficients of Te and Se are
~very high (5-10 at 750°C) (Kang, 1968; Greene, 1971), that of
Sn is low (about 10—4 at 750°C) (kang, 1968). Silicon ex-

~ hibits amnhoteric behaviour in GaAs and this behaviour is

particularly dependant on the growth temperature.

*) In Appendix A, the phase diagram for Al-Ga-As can be

obtained by putting n =2 in equations A-1 to A-5.



lonization Energy of Transition Metals in GaAs®

lonization cnergy

From photoluminescence From electroluminescence From electrical

Element at 20 and 4 K at 77 K measurements
Cr 0.85 — 0.79
Mau (acceptor) 0.114,0.112 0.094
Fe ~0.2 and 0.5 036 0.52,0.37-
Co 0.58 0.345 0.16
Ni — 0.35 0.21
Cu 0.170, 0.155 0.165 — 0.145
Ag 0.239 — 0.235
Impuritly Tonization Energies in GaAs
Type Element I, (¢V) Remarks
Simple donors Sas 0.00610
Sea, 0.00589
Tea, 0.0058
Sng. 0.006
Cqa Similar to Sn
Gega 0.00608
Sig. 0.00581
Cr Shallow LPE material
0 Similar to Sn LPE material only
Pbg, Shallow LPE material
Simple acceptors Cdg, 0.0345
Zng, 0.029
0.032
0.030
0.034
Meg, 0.030
0.028
Beg, 0.030
0.028
Cha, 0.026
0.025
Sn g%,l']_t 0'02} Believed to be Sny,
Pb ~0.12
Ge,, 0.038
Six, 0.035
Complex centers Ge (acceptor) ~ 0.08 LPE and MG material
Si (acceptor) ~ 0.1 LPE material
Si (acceptor) ~0.22 LPE material
0.23 Si ion-implanted GaAs

Table 3-1. Various dopants in GaAs.
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Consequently, tin was used as a n-type dopant throughout this
work because of its small distribution coefficient.

Figure 3-3 shows the doping characteristics of Sn in GaAs at
765°C measured by the author. The donor concentration was
determined from the slope of the C-Z—V curve., The distribution
coefficient at 765°C is 3x10-4, which is the same value as

that previously reported by many authors (Harris, 1969;

Solomon, 1968, Vilms, 1972). Using these results, the carrier
concentration in the n-GaAs epitaxial layer can be controlled

by controlling the weight of tin in the growth melt in the

LPE process.

'3-4. The epitaxial growth technique.

3-4-1. The liquid phase epitaxy system.
(1) System description. |

Figure 3-4 shows a block diagrém and an overview of the
LPE system used in this work, which incorporated the conventional
sliding boat technique. The quartz reactor tube is 50 mm in
diameter and 1m 1long. The furnace has three zones (each
about 15cm 1long), controlled by three separate thermo-
controllers. The right hand end of the reactor tube is
connected to the clean bench. The charging of Ga and other
sources into the graphite boat is performed on the clean bench.
(2) The graphite boat.

The graphite boat is shown in Fig. 3-5. The boat

consists of four parts —— the holder, the slider, the barrel,

- 25 -



Weight  (mg of Ga 1g)
10 - 100

510 ,
EE R | i N EEE 4
S — n-GaAs .
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zZ
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C - ' _
Q
Eg | ]
-
¢}
€ 117
N S k=2.8x10"% o
A A NET L LD
@) - ,
ol 1 10
Atomic percent of Sn(at®b)
Fig. 3-3.

Donor concentration as a function of Sn concentration in the
growth melt. The epitaxial growth conditions were (1) initial
growth temperature; 765°C, (2) cooling rate; 1.0°C/min, and

(3) growth duration; 15min . The donor concentration were

determimed from the slope of the C-Z-V curves.
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(a) Block diagram.

(b) Overview.

Fig. 3-4. The liquid phase epitaxy system.
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Fig. 3-5. The graphite boat.

for GaAs growth ¢,.GaAs

Ga+Gahs Ga+Al
\ / PUSHROD
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2 T
V/ /XA

GaAs Substrate

Aspects of the Al mixing method. The solution for (GaAl)As
is separated into two parts, —Ga+GaAs and Ga+Al. These

solutions are mixed a few minutes before the growing process.



and the Al barrel. The substrate, of surface area 7x11 mmz,
is set on the slider.

The Al mixing method, which was originally developed by
Konagai (1976b) to reduce the effects of the oxidization of

~Al, was utilized for the growth of Ga,_ Al As with a large Al

1-
composition. In this method, the solution is separated

~ into two parts, Ga + Al and Ga + GaAs, as shown in Fig. 3-6.
The upper solution of Ga + As drops into the lower solution of
Ga + GaAs a few minutes before the substrate is brought into
contact with the melt at the growth temperature. Smooth
(GaAl)As layers were obtained by this technique, as the mixed

solution containing a large quantity of Al makes contact

with substrate without contamination by Al oxide slag.

3-4-2. The epitaxial growth process.
The flowchart for the growth process is shown in Fig. 3-7.
The process details are as follows:
-v(l) GaAs substrate.
In general, the GaAs substrate were (100) or (111)B

_oriented wafers. Undoped (n==1016cm_3) GaAs wafers were

used for the electrical measurenent, n+—GaAs (>2x1018cm-3)
'for the solar cells, and Cr doped semi-insulating substrates
for the monolithic solar cell arrays.
(2) Weighing the charging materials.

As indicated above, the solutions consisted of Ga, GaAs,
- Al, and appropriate dopants. Typically, the Ga charge was

lg or 2g throughout this research programme. The weight of

GaAs and Al in a saturated liquid solution of Ga-Al-As at a

- 29 -



and dopants)

Weighing of the charging Baking of the graphite

materials (Ga, GaAs, Al, boat ( 950°C, >2hr.)

materials.

Etching of the charging

!

-

¥
Charging the GaAs substrate to

the slider, and Ga, GaAs; Al, and

dopants to the barrel.

h

H2 exchanging in the reactor tube

(>30min)

Y

Crystal growth

Y

r

Cooling down to room teperature ]

Fig. 3-7.

Crystal growth process of the liquid phase epitaxy.



temperature can be calculated by using the results shown in
:Fig, 3-2. Figure 3-8 shows the weight of GaAs and Al in 1 g
Ga pelt as a function of the Al solid composition.

Table 3-2 shows the weight of GaAs and Al in 1g of

 Ga and the thickness of the epitaxial layers for several growth
%ftemperatures.

‘w(S) Temperature programme during crystal growth.

M Figure 3-9 shows the typical temperature programme for
(GaAl)As/GaAs p-p-n solar cells (see Chap. 10). It takes
afabout 15min to heat the graphite boat to about 750°C from
“room temperature. After 15min soaking, the crystal growth

- of n-GaAs is started by bringing the substrate into contact
~with the solution of Ga + GaAs +Sn. With this programme,
ffpical thickness of n-GaAs and p'GaO.ZAlo.SAS are 6 um and
1.6 um, respectively. After crystal growth, the graphite
boat is cooled down to room temperature,

. taking about 20 min . Following this, the next crystal growth
_process can be started. The thickness of the epitaxial layer
depends on the growth temperature and figure 3-10 shows the

- thickness of Be doped p~GaO.2A10_8As as a function of the

initial growth temperature.



Al ———

;50__ GaAs 15 2
o ®)

O
340—- — 4 ~
on O
- 800°C &
— 30 AN -1 3 -
< > 12
3 <

0 0.5 10
Al mole fraction X

Fig. 3-8,

| The weight of GaAs and Al in a saturated liquid solution of
Ga-Al-As as a function of Al composition in the corresponding

solid solution, obtained from the phase diagram caluculations.
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—1st dip

n-GaAs p- (GaAl)As
¢ _1 Lo 0 ) -1 P
: 1°Cmin ;15min| 0.5°Cmin -,
1Smin»s—15min» 30min
Fig. 3-9.

Typical temperature programme for the (GaAl)As/GaAs

p-p-n solar cells.
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ole Contents Tem- Thickness
fraction (ng in 1g of Ga) perature
Al GaAs Dopant T (°C) d (um)
*
4.0 50.6 8.0(Zn) 850 5.61
*
6.0 43.7 7.8(Zn) 850 3.63
*
8.0 30.9 4.2(Zn) 850 2.97
k%
0 33+3 25+3(Sn) 765 6-7
*
6.0 6.0 0.043(Be) 750 1.6

‘Table 3-2.
" Weight of GaAs and Al in 1g

“temperatures and thicknesses.

of Ga for several epitaxial layer

#) Cooling rate; 0.5°C/min, Duration; 30min.

 %%) (Cooling rate;

1.0°C/min, Duration; 15min.

, 30min

|

10—
E 8:X= .8 1
5 g = 0.5°CmiA
4
)] -
7
>
< 2
Q
T
N
700
T
Fig. 3-10.
Thickness of GaO 2Alo 3
temperature.
0.5°C/min,
0.043at%.
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As epitaxial layer .vs. initial growth
The growth conditions were (1) cooling rate;

(2) duration; 30min, and (3) Be concentration;



-5, Summary.

The Gal_KAles layers and (GaAl)As/GaAs heterostructures

used in this work were prepared on GaAs wafers by the liquid

hase epitaxy (LPE) method. The fundamentals of LPE are
| described in this chapter.
For epitaxial growth by LPE, theoretical phase diagram

~ must be determined at first. The phase diagram calculation
;imethod is discussed in Sec. 3-2.

k The LPE apparatus used in this work consisted of the
iJconventional horizontal-sliding boat system. The epitaxial
{ growth process, weights of the charge materials in the growth

~-melt and the temperature programme, are summarized in Sec.3-4.



CHAPTER 4.
‘DIFFUSION OF II-COLUMN IMPURITIES INTO GalAs DURING THE

LPE-GROWTH PROCESS.

4-1, Introduction.

P-type dopant diffusion during LPE growth is widely and
positively utilized in (GaAl)As/GaAs heterostructure devices.

Although diffusion in the usual closed-ampoule-annealing-
téchnique has been reported by many researchers*, diffusion
during LPE growth has not been investigated to the author's
knowledge and in particular there has been no reported study
of II-column impurity diffusion during LPE growth. In this
chapter, the diffusion of II-column impurities such as In
and Be during LPE growth of Be or Zn doped p_GaO.ZAlO.SAS is
discussed thoroughly. In Sec. 4-3, the experimental investi-
gation of the diffusion coefficient into GaAs is described.
The junction depth in the (GaAl)As/GaAs solar cells described
in PART III,is controlled using these results. The results
will also be utilized in the preparation of other hetero-
structure devices. The diffusion process is discussed in

Sec. 4-4.

*) The diffusion coefficient obtained in the usual closed-
ampoule-annealing-technique was reviewed by Yarbrough

(1968) and Casey (1973b).
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1.2, TFeatures of impurity diffusion during the LPE growth

process.

In this section, the main features of impurity diffusion
~during the LPE growth process are clarified.
Figure 4-1 shows schematically the epitaxial grwoth process

_for Be (or Zn) doped p-Ga, Al As.  Epitaxial growth starts

1-x
;when the substrate is brought into contact with the melt
(Fig. 4-1a). The melt consists of Ga, Al, As, and Be (or Zn).
During the epitaxial growth, beryllium (or zinc) is diffused
»into the n-GaAs substrate to form the p-GaAs region.
Consequently, a GaAs p-n structure with a p-(GaAl)As layer is
formed by the growth of p-(GaAl)As.

For the preparation of (GaAl)As/GaAs heterostructure solar

cell, the Al composition in the surface p—Gal_XAles layer is

fixed at 0.8 throughout this chapter.

4-3. Diffusion of II-column impurities into GaAs during the

LPE growth process of p-Ga0'2A10-8As.

4-3-1. Diffusion of beryllium.
The epitaxial Gao 2Alo 8As layers were grown on undoped

n-GaAs substrates, whose carrier concentration was about

1016cm—3. The growth conditions were as follows;

1. intitial growth temperature T. : 700-900°C,
2. cooling rate a O—O.5°C-min_1,

3. growth duration t : 10-120 min ,
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and 4. beryllium concentration

GB : 0.01-0.3at% .
in the growth melt e

The room temperature Hall mobility, resistivity, and carrier
concentration of the p-GaAs region for the following growth

b

conditions T.=750°C, « = 0.5°C-min 1

137cm2V-1s-1, 0.031p-cm, and 1.5x1018cm'3, respectively.

and CBe==O.O43 at% , were

These properties are typical of the (GaAl)AS/GaAs solar cells
described in PART III.

The thickness of the p-GaAs region was revealed by
staining a cleaved cross-section with HP-*HNOS(NSO : 1) for
10-20sec and then measured with an optical microscope ..

A solution of J_N—NaOH(SOcmS)-+H202(3.7cm3) was used for the
measurement of the thinner p-GaAs region. The etching rate
of this solution is very low (.%OOOzi-min-l at 20°C), and
consequently the n-GaAs substrate is accurafely exposed.

The surface p—(GaAl)As layer was removed by HF before the
measurement of the thickness of p-GaAs region. The breakdown
voltage between two tungsten needles set up on the surface
“was measured to determine whether the surface was p- or n-type.
'The breakdown voltage Vb of the p-GaAs region is less than
SV, whereas Vb for the n-GaAs substrate 1is 10-20V.

Thus, the change in Vb between p-GaAs and n-GaAs makes it
easier to measure the thickness of the p-GaAs region.

For constant cooling rate, growth duration, and Be con-
centration, the thickness of the Be-diffused p-GaAs region
was found to increase with increasing temperature.

Figure 4-2 shows the thickness of the p-GaAs region as a

function of the growth temperature for a cooling rate of
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Fig. 4-2.

Temperature dependence of the thickness of the Be diffused
p-GaAs region. The growth conditions were (1) cooling
rate; 0.5°C/min, (2) growth duration; 30min , and (3)

Be concentration in the growth melt; 0.043at%.
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0.5°C min, growth duration of 30 min, and Be concentration of

0.043 at%. The temperature dependence of the thickness takes
the form

7 = W .exnl-E!? _

W = ho exp( Eo/kT), (4-1)

where W_=1.42x10% cm and E = 1.22eV.

With the other growth parameters held constant, the thick-
ness of the p-GaAs region also increases with incresing growth
duration 't', i.e., diffusion time. Figure 4-3 shows the
thickness of the p-GaAs region as a function of the growth
duration at a temperature of 750°C. For a given Be concentra-
tion in the growth melt, the thickness of the p-GaAs region
was found to be proportional to the square root of the diffusion

time and to satisfy the empirical relation,
W (um) = 0.33-t(min) /% ~ 0.45. (4-2)

In the evaluation of the diffusion coefficient, it is

usual to assume the equation,

W = (Dw~t)1/2, (4-3)

where W is the thickness of the p-GaAs region, t is the diffusion
time, . and Dw is the diffusion coefficient. The
subscript 'w' indicates that the diffusion coefficient 1is
determined from the thickness. Using this relation and the

results in Fig. 4-2, Dw is represented by
D =1D exp(—Ewo/kT), (4-4)

W WO

_ 2 -1 _
where DWO-11.2cm S and Ewo-2.4SeV.
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Fig.

Time dependence of the thickness of the p-GaAs region.

4-3.

t (mi’n)
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growth conditions were (1) growth temperature; 750°C,

The

(2) cooling rate; O°Cmin_1, and (3) Be concentration in the

growth melt; 0.043at%.
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However, the accurate value of the diffusion coefficient
must be determined from the carrier profile in the p-GaAs
region. Consequently, the profile of the free-carrier con-
centration was determined as follows:

Following removal of a few thousand angstroms of the
p-GaAs layer using the slow etchant (HZO-rNaOH'*HZOZ),
resistivity, Hall mobility, and free-carrier concentration
were measured by the van der Pauw method. By repeating these
measurements, the free-carrier concentration of the removed
p-GaAs region can be calculated from the change of resistivity,
Hall mobility, and free-carrier concentration as a function
of the distance from the surface. Details of this calculation
are discussed in Sec. 6-2-2.

Figure 4-4 shows the profiles of the free-carrier
concentration in the p-GaAs region as a function of the
distance from the surface. If the diffusion process can be
treated as the diffusion in a semi-infinite medium, the carrier

profile is given by

o(x) = p r-erfc{x/Z(Dpt)l/z}, (4-5)

su

wherg Pour is the surface free-carrier concentration, x the
distance from the surface, t the diffusion time, and Dp the
diffusion coefficient. The subscript 'p' indicates that Dp
is the diffusion coefficient obtained from the free-carrier
profile. Fitting the profile to the error-function complement
(Eq. 4-5), the diffusion coefficient Dp can be determined.

The values obtained are shown in Fig. 4-4. Figure 4-5

shows the free carrier concentration profiles for two samples



*9oeJyans syeg-d oyl woxJ odOuUBISTP 9yl ST
BSSIOSqe 9yl ‘Jojowesed v se uotieanp
yimoasd yitm uorfox syeg-d posnjIip og
9yl UuTr soTrjoxd AJTSUSP IS8TIIBD-80XF 9Y]

"S-p "81d

(wr{) x  aoepins woly edueisiq

3 Z L 0
Ce T T T o T T 50

\ \
N \ _

\ \
— / / —
— S,UID -
- \ I-7C =
= \ o OIXEL9=0, =
N Ll
N Uog

| / \ —
| // \ _
_— , / \ e
— N -
— N -
| S;Wo 0IXGL9=90 __2
B uwozL
m : ermh -

_ L1 | _ | =

6,0}

UOI1BJIUSdUCD Jallie)

)

(g-Wd

*9oeJans syey-d 9yl woxF S2UBISIP Oyl ST

BSSIOSqe 9y], ‘Jozowered B se sanjeasdwol
yimoxd yztm uordex syey-d pesnyFIp o9

oy3 utr soy1rjoxd L3ITSuUdp JISTIIRD-991F 9Y]J

“y-¢ 314

(wrl) ¥ o>eyns woly aduerisiq

g L 9 ¢ vwv-€¢€ ¢ | O
_ ! _ I | _ I

\ \ _
AN LSWD L4 & -0l
\ogoxmr A )
RN 24007\ | ]
S SERE
- N SpwWd Ty | 3
= N a0X0S2 | 3
NN 0.008 L Ot
\ \ _
\ \ -
N\ \
N ]

e
s

S,WD . OlX/9°|
I s e

|

N

L1l
2

UOI}RIJUSDUOD I311IE)

(¢-W2)

44



iwhich have different diffusion times of 30min and 120 min .
iThe diffusion coefficient for these two samples is the same,
iwhigh is coincident with the results shown in Fig. 4-3.

 The black dots in Fig. 4-4 and Fig. 4-5 indicate the thickness
_of the p-GaAs region measured by the above mentioned techniques
(Staining-etching and observation using the optical micro-
 $éope, or slow etchant method ).

Since the carrier concentration of undoped n-GaAs wafer is

~about 1x1016cm-3, these black dots are plotted at the level

of 10%nm™3,  The extrapolations of the error-function
complement cross the black dots in these figures. These
“results confirm that the diffusion process can be treated
as the diffusion in the semi-infinite medium.

Figure 4-6 shows the diffusion coefficients which ‘were
‘obtained from (1) the thickness (Fig. 4-2 and Eq. 4-3) and
7(2) the carrier profile (Fig. 4-4 and Eq. 4-5).

N. B. Although these two lines were obtained from the same
samples, there exists an apparent discrepancy in the absolute
‘ivalue. This discrepancy is caused by an overestimation of
ethe diffusion coefficients from the thickness. The relation
» W==(Dwt)1/2 in Eq. 4-2 assumed a profile which is shown in as
 a broken curve in Fig. 4-7. However, the correct profile is
Jindicated by the solid curve in this figure, and the p-n

junction is lying at the 1010%n™% 1evel. If the surface

free-carrier concentration was about 4x1018cm—3, the relation
Dw==17.lxDp applied as seen Fig. 4-7. From Fig. 4-6, D

and D are 11.2cmzs-1
po

WO

and O.655cm25_1, respectively.

The ratio Dwo/Dpo is 17.1, which is in agreement with the above.
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Hence, the apparent difference between Dp and Dw is not real
and is explained by the above discdssion. Here) it should
be pointed out that the diffusion coefficient must be determined
froa the carrier profile, because there is an overestimation

of the diffusion coefficient from the relation W==(Dt)1/z.

4-3-2. Diffusion of zinc.

Figure 4-8 shows the temperature dependence of the Zn
diffusion coefficient which was determined from the carrier
profiles., The diffusion coefficient of Be is about ten time
times higher than that of Zn in the temparature range above
750°C as shown in this figure. Table 4-1 summarized the

diffusion coefficients (Dw and Dp) for Be and ZIn.

If p_  <6x1078cn™3, D = D_-exp(-E_/kT).

For Be : DO= 11.2 cm-sec ! and EO= 2.43 eV,

For Zn : DO=1.I’)lxlo—scm-sec_l and E = 1.49 ev.

Table 4-1.

Diffusion coefficients of Be and Zn during
LPE growth process, which were determined
from the carrier profiles. Psur isvthe
surface free-carrier concentration (see

Sec. 4-3).
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Fig. 4-8.

Diffusion coefficients of In and Be as function of

~ growth temperature (They were determined from carrier

profiles.).
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4-4, Discussion.

4-4-1. Diffusion of Be into Ga; Al As.

The impurity diffusion described in this chapter occured
simultaneously with the epitaxial growth of p_GaO.2A10.8AS
as shown in Fig. 4-1. The effect of this epitaxial layer on
the impurity diffusion is discussed in this section.

Figure 4-9 shows the thickness of p—Gal_yAlyAs formed by
Be diffusion during the LPE growth of p'GaO.ZAIO.SAS' The
thickness of the p—Gal_yAlyAs diffused region increases
linearly with increasing 'y' values. In other words, the
diffusion coefficient of Gal_yAlyAs increases with increasing
'y'f The extrapolated thickness of the p—GaO.zAlo.gAs region
is greater than ten microns. Thus, it is natural to expect
that this diffusion occurs directly from the Ga + Al + As + Be
liquid solution, i.e., the p~GaO.2A10.8As epitaxial layer can
be treated as a transparent film for the impurity diffusion
during LPE growth, since the diffusion coefficient of Be in
Al

Ga As is much larger (about 50 times according to the

0.277°0.8
extrapolation of Fig. 4-9) than that in GaAs.

*) An increased diffusion coefficient for Zn in Ga; Al As
(produced by the usual closed-ampoule-annealing-technique)
was reported by Flat(1977) and Lee(1978). Lee(1978)
suggested that the increased diffusion coefficient was due
to a reduction in the lattice vacancies as x increased
because of the higher binding energy between Al and As

than that between Ga and As.
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The thickness of the p—Gal_yAlyAs diffused region as a
function of the Al composition 'y'. The p—Gal_yAlyAs region
was formed in the epitaxial Gal_yAlyAs layer on a GaAs sub-
strate by Be diffusion during LPE growth process of Be doped
p—GaO.ZAIO.SAS' The growth conditions for Be doped
p-GaO.zAlo.gAs were (1) Ti= 750°C, (2) «=0.5°C/min, (3)

t=30min, and (4) CBemO.04at%.
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; 4—4—2. The relation between the diffusion coefficient and
the surface free-carrier concentration. |
The error-function complement is assumed to represented
the profiles of the free-carrier concentration in the previous
section, In Fig. 4-4 and Fig. 4-5, the thickness of the
p-GaAs region corresponds to the point of intersection of
the error-function complement and the concentration value of

16 -3
cm .

10 If the profiles were represented by the error-

function complement, the following relation between W and

Peur would be satisfied,
,
Ny/p . = erfelw/2(pe)t/ %y, (4-6)
where W : the thickness of p-GaAs region,
Pour’ the free-carrier concentration at the p-GaAs
surface,
Nd the free-carrier concentration in the undoped

n-GaAs substrate,
Figure 4-10 shows the relation between Nd/psdr and W for
Be diffusion at 750°C for 30min. The broken line shows
the error-function complement (Eq. 4-6) with D=6.6cmzsecu1
and 30min. The open circles represent the experimentally
observed values. The experimentally observed values with

3

>6x1018cm_ apparently deviate from the broken line,

while those with psur<6x1018cm—3 agree with the broken line.

‘ pSUI’

Figure 4-11 shows the thickness of the p-GaAs region formed by
Be diffusion as a function of Be concentraiton in a growth

melt. The thickness increases rapidly, for Valueé of CBe above
6x10hlat%. This result quantitatively agrees with that shown in

Fig- 4—10.
- 51 -



| 16
AU e o sy s e i e L
:\\\ Na(10%r°) :erfC("'W"—) _
- \\ Psur k.
N \\ 11017
— _
CH
O..m \ :
~ B \ -
e 1021 ? T
e [ :
S - §‘> —— o -
107 — | I :
|
N

0 1 2 3 A 5 6
THICKNESS OF p-GaAs W [pm]

Fig. 4-10.

The relation between (Nd/psur) and the thickness of
p-GaAs diffused region (see text). The growth

conditions were the same as those applying in Fig. 4-11.
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Fig. 4-11.

The thickness of the p-GaAs diffused region as a function of
the Be concentration in the growth melt. The growth conditions

for Be doped p-Ga Al As were (1) Ti=7SO°C,

0.277°0.8
(2) u=O.S°Cmin_1, and (3) t=30min, respectively.
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These results can be summarized as follows:

18 -3
(1) If Pour < 6x107 "cm

(the results in Sec., 4-3 satisfy this
_condition), Be diffusion can be explained by a constant
diffusion coefficient.
18 -3

(2) It p > 6x10""cm ~, Be diffusion can not be represented

sur
by a constant diffusion coefficient, and explanation
involves the concentration dependent diffusion process,
i.e., the so-called interstitial-substitutional diffusion

process (Casey, 1973b; Weisberg, 1963).

Fortunately, for device preparation the doping level of
p-GaAs in p-n junctions is generally in the region

(1-2)x10%8

-3 ., -
cm . Hence, it is not necessary to take account of
the more complex diffusion process (i.e., the interstitial-
substitutional model) when preparing p-n junctions by the

diffusion process during LPE growth.



4-5, Summary and conclusion

Although p-type impurity diffusion during the LPE growth
process is widely used for (GaAl)As/GaAs heterostructure
devices, there have no previous studies of the process.

In this chapter, the diffusion of Be and In, which occurs
simultaneously with the LPE growth of p-type Gao.2A10.8As s
was discussed.

It was established that the diffusion must be evaluated
using diffusion coefficients obtained from carrier profiles,
because the diffusion coefficients obtained from the usual

relation W==(Dt)1/2

are larger than the correct values.

Comparing the diffusion coefficients of Be and Zn, it is
shown that the diffusion coefficient of Be is about ten times
higher than that for IZn in the temperature range above 750°C.

For Be diffusion, the following results and criteria
apply; If the surface free-carrier concentration 1is lower
than about 6x1018cm-3, the treatement of diffusion is simple,
i.e., diffusion can be expressed as diffusion from a semi-
infinite source and the free-carrier concentration profiles
are represented by the error-function complements. With

regard to temperature dependence, the diffusion coefficient

takes the form
D = Do exp(—Eo/kT),

where DO= 0.655cm2/sec and EO==2.4SeV for Be diffusion in the
temeprature range from 700°C to 900°C. The diffusion

coefficient is constant with respect to diffusion time,



i.e., the thickness of the p-GaAs region increases linearly
with the square root of the diffusion time.

If the surface free-carrier concentration is higher than
about 6x1018cm~3, the anomalous diffusion behaviour was
observed, i.e., the diffusion can no longer represented by a

constant diffusion coefficient and a concentration- dependent

diffusion process is necessary to explain diffusion.
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CHAPTER 5. |
ANALYSIS OF HOLE MOBILITY IN III-V COMPOUND SEMICONDUCTORS.

5-1. Introduction.

Carrier mobility has been among the most important
indices in studying, characterizing, and assessing semi-
conducting materials. The analysis of hole mobilities in
I11-V binary compounds is well established and account for the
measured mobility data. However, there has been little
analytical work on the hole mobility of III-V ternary alloys.

In this work, it was recognized firstly that previous
analytical expressions related to the drift mobility whereas
the experimentally observed values related to the Hall mobility.
In Sec. 5-2, expressions, which enables the drift and Hall
mobilities to be calculated separately, are proposed (MTBT
model). These are obtained by the expanding the conventional
two-band transport model. In ternary (and quaternary) alloys,
the so-called alloy scattering exists. Consequently, this
scattering is considered in the calculations.

In Sec. 5-3, material parameters for ternary alloys are
discussed. Practical calculations using formulae presented

in Sec. 5-2, are carried out for p-Ga AlXAs.

1-x
These calculations show that the room temperature Hall
mobilityvis strongly affected by the exixtense of alloy

scattering.



5-2. Formularization of the Hall mobility.

;3-2;1. Modified two-band transport (MTBT) model.

As discussed in Sec. 2-1-3, the valence band is
p;haracterized by heavy hole (Vl), light hole (vz), and split-
off (VS) bands. Each band is doubly degenerated because of
the spin degeneracy. The valence band structure is
schematically shown in Fig. 5-1. Since the split-off band

is separated by an energy A (AO==O.34eV for GaAs), it may be
ignored for the hole transport, and it is usual to assume that
only holes in the vy and v, bands can contribute to the
transport properties. Furthermore, these two band (v1 and
Vz) are usually characterized by concentrations Py and Pys
'scalar effective masses my and m,, and corresponding éﬁiﬁi‘
mobilities My and Hos where the subscripts 'l' and '2' indicate
that each values is for the heavy hole (Vl) and light hole
(VZ) bands, respectively. This two-band model has been

successfully employed to explain the lattice mobility in some

III-V binary compounds (Wiley, 1970; Neumann, 1978) and it

Fig. 5-1.

Features of the energy band

structure relevant to hole

v3

transport.




also plays a fundamental part in the MTBT model.

Using the MTBT model, the total drift and Hall mobilities

were derived as follows:

(1) The drift and Hall mobilities corresponding to each

scattering mechanism were expressed using the appropriate

heavy hole drift mobility.

(2) The total drift and Hall mobilties were derived using

Matthiessen's rule.

Details of derivations:

MTBT (Modified Two-Band Transport) model

The conductivity 61, Hall coefficient Rl, and Hall

mobility}L§ for each scattering mechanismare given by (Neumann,1978)

i i i i i i
o7 = oy * o5 = e(pyu] * pyuy) = epup , (5-1)
i . 1 i, iy2 i, {42 i
R” (—61*37— {RJ (Ul) + RJ (52) Foy (5-2)
R B | -
g = o RT, (5-3)
where
'l1'" and '2' : the lower subscripts 'l' and '2' indicate
heavy and light holes, respectively,
'i' :  the superscript 'i' indicates each of the
scattering mechanism,
& : b= pl + pz > (5“4)
R; (j=1,2) : corresponding Hall coefficient due to

heavy (j=1) and 1light (j=2) holes.



a; (j=1,2) can be written as

iy 2
1 < L) >
(TJ)

N , (j=1,2) (5-5)

ep; <

i, . . .
there Tj is the corresponding relaxation times.

iquations 5-1 to 5-3 can be reduced to

_gi i ]
ny = fD T (5-6)
PR SRR | )
RY = (1/ep) - (uy/up), (5-8)
. * e r3/2
f = (5-9)
BRI
- 7 L
a £l sleh? et | (5-10)
in = o -
H 1-+r3/2 1 ?
'here
u; the heavy hole drift mobility due to the scattering

mechanism 'i',

= 5’11
r=m/m, , ( )
i . i, i -12
Cc Uz/ul s (5 )
i - i, i 213
B 0‘2/0"1 ) (5 )
i iy2 i 2 . ;
nd aj = <(Tj) >/<rj> (3 =1,2) (5-14)

he relation pl/p2 = (ml/mz)s/2 is used in the derivation

f equations 5-6 to 5-10.
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Hence, the total drift and Hall mobilities can be

ybtained using Matthiessen's rule,
total,-1 _ -1 '
(vp ) T o= i(UD) ) (5-15)
total,-1 (-1
(v ) 7 = I (ug : | (5-16)

1

The following scattering mechanisms were taken into-

ccount in the numerical calculations.

(1) Acoustic and nonpolar optical phonon (AC,NPO)
scattering,

(2) Polar optical phonon (PO) scattering,

(3) Ionized impurity (II) and neutral impurity (NI)
scattering,

(4) Alloy (ALLOY) scattering as an additional scattering

occuring in ternary and quaternary alloys.

The factors fB and fé’and the expressions for each of the

cattering mechanisms are given in the following sections.



-2-2. Estimation of fé and fé

- In order to obtain the total drift and Hall mobilities,
t 1s necessary to estimate féaﬂd fé in equations 5-6 to 5-10.
n this section,expressions for fé and fé for each scattering
echanism are given, Simple account of intra- and inter-

and scattering is taken.

When ui and u% are calculated using the standard

xpressions for each mobility,¢ and the vy and v, bands are assumed
o completely decoupled, the ratia c1=u§/ui reduces to a
imple power of r, depending on the mass dependence of the

cattering mechanism under consideration. Thus, the c''s are:

1. ¢ = r5/2 for AC,NPO scattering,

2. ¢ = rS/Z for PO scattering,
3. ¢ = rl/z for II scattering,
4, c =1 for NI scattering,
id 5. ¢ = rs/2 for ALLOY scattering.

owever, it is known that the decoupled band approximation may
nly be particularly varid for ionized impurity scattering
Costato, 1973a).

In the case of scattering mechanisms for which the
1terband scattering is uncertain, the following approximation
s used, which acknowledges the presence of interband

cattering (Wiley, 1975). In this approximation, one writes

/ey = Yty *+ 1/, (5-17)



nd

/7, = 1y, + 1/, , (5-18)

2

here Tij is a relaxation time associated with scattering from
and i to band j. If the i differ primarily in the density
f final states, then transitions with final states in the

eavy-hole band will be dominant and one can write
1/111 N 1/1:21 >> 1/1:22 o 1/T12, m,>m, (5-19)

n this approximaticn, one has

TV T, (5-20)
sing the approximation of equal relaxation times,
i i i i
1° e<rl>/m1, and u2==e<r2>/m2. Thus,
tor (=1, (5-21)
1 2 72
nd
gt =1, | (5-22)

ince the relaxation times may have the same energy dependence.
hen this approximation was used to estimate f; and fé, it was

ssumed that
=1, (5-23)

or simplicity. This approximation was used in the estimation

f fg and fé for (1) neutral impurity and (2) alloy scattering.



For acoustic and nonpolar optical phonon scattering,

S and fé were estimated as follows:

_ Costato (1974) has made explicit allowance for interband
cattering for AC.NPO mobility due to the deformation potential
cattering. The drift mobilities of heavy and light holes

re given by
5

) ) m. Q m.
GACNPOY T bl (¥ (5-24)
m m.
0 1
( i=1,2, j=2’l )’
iere
23/2“1/2€ﬁ4paz
Mo T 7Ty 372, 2 S T (5-29)

(the meaning of each variable is given in Eq. 5-33.)

sing Eq. 5-24, £1 and fﬁ reduce to

D
R e 2
(L +1xr777)

1d . rz

fu = 1+ 375 ' (5-27)
1 Eq. 5-27, uAi'NPO = 1 is assumed. (u1=3ﬁ/8~1.18 for
1ire acoustic phonon scattering. Hence, the approximation
\%.NPO=1 has no drastic effect on the calculations.)

For polar optical phononscattering, f1 and fﬁ were

D

stimated as follows:
It is well known that the Boltzmann transport equation
>uld be simply solved, if the energy dependent relaxation

ime were defined However, the energy dependent relaxation



time can not be defined for polar optical phonqﬁ scattering,
because the scattering between elecfrons (or holes) .and

optical phonons is not elastic. Hence, many researchers reported
the various solution of the Boltzmann equations for PO mobility
‘using the variational method (Howarth, 1953; Eherenreich, 1957,
1959) and the iterative method.

The expressions for PO miblity have beeﬁ obtained for
conduction band electrons that have . s-like atomic wave
functions, whereas holes in the valence band have p-like
wave functions. Wiley (1971) showed that
PO mobility of heavy holes was approximately twice larger than
than that of electrons, i.e. the PO mobility of carriers which
have p-like wave functions was about twice larger than those
with s-1like wave functions.

Thus, for the PO mobility of holes in the valence band,
intra- and interband scattering can not be neglected, and
‘the total Hall and drift mobilities can not be simply obtained
as indicated in equations 5-6 to 5-10.

As there are many difficulties involved in the estimation
of PO mobility for holes in the valence band, Kranzer's
results were used in this work for mobility estimation.

Kranzer (1976) calculated the PO mobility, taking account of

the intra- and inter-band scattering. According to his results:
wrd af112480 (1he)
(5-28)
1.24-u10  (T~o/5)”



and

PO PO ‘
WO s - up (T < 0/2) (5-29)
“ 1.6+ w0 (T > 0/2) ,
where
u?o = 2 - ugo (ugo : PO mobility for electrons ). (5-30)
Since . PO mobility decreases with increasing temperature,
PO mobility is relatively significant at high

temperature (T>0/2). Hence, the following relations were

used in these calculations.

ugo " 1.16-u§o (5-31)
and w0 ~ 1.6x1.16 S (5-32)



Expressions for each scattering mechanism.

the variables and constants that appeared in the text

without definition have their usual meanings. T is the

. temperature in 'K'.

For lucidity, all'formulae appearing in this section are
restricted to the nondegenerate limit case. Although
extention to the degenerate case is straightforward, except
in the case of PO mobility* (Neumann, 1978), this is omitted
€  here. Results from expressions for the nondegenerate case
must be valid, since holes are not degenerate if the free-
carrier concentration exceeds about 3}(1018cm—3 because of the

large effective mass of band vy holes in III-V compounds.

(1) Acoustic and nonpolar phonon scattering.

For AC.NPO drift mobility of heavy holes, the formula which
was derived for electrons in nondegenerate parabolic bands
was usually used (Wiley, 1970), and this was characterized by
phenomenological deformation potentlalsEAc and Expo-
23/2ﬂ1/2éﬁ4p32

5/2 S/ZEZ
AC

AC.NPO _
u

1 = +S(0, n, T) (5-33)

3(ny) > F (kT

*) The formula for the PO mobility of electrons accounting

arbitrary degeneracy was reported by Ehrenreich (1957).



-5 o U
= 3.1752x10 57577 50,1, T)
(m,/m )7 "gy-T
. (cm”™V “sec 7),
~with ‘[w x-exp(-x). dx .
S(e, n, T) = . ,
01+C{(1+®/xT)1/2 + eXp(O/T)(l-@/XT)l/Z}
C = — (—){exp(—) - 1} 7, (5-35)
2 T T
= 2 .
where
P (g-cmhs) : the material density,
u (cm-sec_l) : the average sound wave velocity defined
in Eq. 5-37,
EAC (eV) : the acoustic deformation potential,
Expo (eV) : the optical phonon deformation potential,
e (K) : the characteristic temperature of the

optical phonons (k@=fﬁq).

In computing the integral 5-34, the term (l—e/xT)l/2
(which arises from phonon emission) must be set equal to zero
when o/xT > 1. Figure 5-2 shows the temperature dependence of
the function S.

The average sound velocity is given by (Wiley, 1975)

) 1 1
u’ = — ug +
3

(5-37)
T3

where up and up are the velocities of the longitudinal and

transverse sound waves, respectively. They are given by
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Fig. 5-2.
Temperature dependence of the function S(o, n, T)

obtained from Eq. 5-34,
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'(CL/p)l/z (the longitudinal sound velocity), (5-38)

]

(CT/p)l/2 (the transverse sound velocity), (5-39)

1
Cp = — (503 * 261, * 4Gy, (5-40)
1 .

where Cij are the elastic constants.

(2) Polar optical phonon scattering.

The formula for the PO mobility‘ugo (see Eq. 5-30) which

has s-1like symmetry is given by (Ehrenreich, 1957)

7/2 2 1/2
b0 2 hegMvo; (KT) . Gp(nF,Z){eXp(Z)'l}] (5-42)
o = 3¢d/2 (ml)s/z(e*)ze (2/7 5YF) )y (np)

0.1982-(T/soO)l/Z(e/e*)Z(mo/ml)S/choZZM)(1023va)-

A - G_.(ng,z) exp(z)-1 } }
(10 13, ). [-—2 F , (cmZV loec 1),
L 1/2
(2/7 " 2YE 1y (ng)
where
€5 : the permitiVity of free space,
M (g) : the reduced mass of the unit cell,

v_ (ecm”) : the volume of the unit cell (v ==a3/4, a_:
a a o) 0
lattice constant) |,
Wy, (sec_l) : the angular frequency of zone-center LO
phonons (th==k®),
e®* (c) : the Callen's effective charge,

the reduced Fermi energy,

Fl/Z(nF) the Fermi integral.
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For the nondegenerate limit, the final functions in Eq. 5-42
reduce to
GD(nF, z){exp(z)-1}
(2/n1/2

If the screening effect is neglected, G(z) is given by

—— {exp(z)-1}-G(z) . (5-43)

(Howarth, 1953)

- o)

G(z) = G- (2) | e (5-44)
). . exp(-2/2) pr(s/21r n (a7 s

= . Z -
o) z [ 5 +i=2 -1, (017 (3-43)

00
where
2 (1) : the determinant [érSI broken off at i rows and
i columns,
A&iﬁl) : the determinant formed by replacing the last

column of a1 by r(5/2), r(7/2),--+-,0(i+3/2).

§ is given b

N S M R C I
iy (y+2)S + (y+2) TySr{(2y+2z)sinh L/ (y/2) —
/(y(y+z)}] -exp(-y) dy. (5-46)

Figure 5-3 shows G(n)(z) as a function of z. In the
practical calculations, G(4)(z) was used for G(z). The PO
mobility generally decreases with increasing temperature.

PO

The temperature dependence of My is not simple except at high

temperatures (T >1.50), where it approaches T-l/2 (Wiley, 1970).
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z=hw/kT

Fig. 5-3.

Temperature dependence of the function G(n)(z) given by
Eq. 5-45. In practical calculations, G(A)(z) was used as
G(z) (see Eq. 5-44).
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The Callen's effective charge is given by

2 2 1 -14-1
(e*)” = e Mayv, (e~ -eg7)

L , ‘ (5-47)

where e and ¢_ are the static and dynamic dielectric constants,

respectively. For GaAs, e*/e is about 0.2.

(3) Ionized Impurity scattering.

For the ionized impurity scattering, the so-called Brooks-
Herring formula which was known derived from nondegenerate
s-1like wave functions was used. According to Wiley's

discussion (1975), p{l is given by

I
UlI = W'HCI)I 3 : (5“48)

where uglis the Brooks-Herring formula, and W is a factor of
order unity (1 <W< 2) which account for the p-like

symmetry of the hole wave functions. In the practical
calculations, W was set to 1.0 for simplicity. The Brooks-

Herring formula is given by

o 12smen M Zlam b,
pot o= > {1n(1+b) - Y, (5-49)
0 3 1/2
e Lml) N. 1+b
1
15 e T b 1
= 3,284x10 1772 {In(1+b) - }
Ni(ml/mo) 1+b
(cmZV_lsec-l),
where 2
b 24EOESInl(kT) , (5_50)

ezth'

It

14 2,
1.294x10 (ml/mo)BST /D
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)
]

= i -
N. p + ZhD, (5-52)
NA (cm-s) : the acceptor concentration,
ND (cm-3) : the unintentionary doped donor concentration,
and P (cm_s) : the free-carrier concentration.
(4) Neutral impurity scattering.
NI . .
wyo is given by
NI _ 3,.3
iyt = (€2/h%) (my/20p) (1/4we =) (5-53)
_ 22
= 1.435x10°7{(m;/m )/ (e Py}
where
Py = NA - Ny -p. (5-54)

(5) Alloy scattering.

Alloy scattering refers to the scattering present in
alloys due to the random distribution of component atoms among
the available lattice sites. This scattering is in addition
to the normal scattering mechanisms present in nonalloy
materials. An expression for the alloy
scattering was first derived by Brooks (See, Chandra, 1980).
In this work, the formula derived by Harrison was
used for calculations. Harrison (1976a) assumed the crystal
to have a uniform background potential with a square well of
depth AEALLOY at random sites associated with one of the

alloying constituents. The square well potential was assumed

to extend over a spherical region of radius equal to the



nearest-neighbor separation, a choice admitted as being

somewhat arbitrary. In Harrison's paper, the energy dependent
requation time was derived (TAlloy‘x€~l/2). Using Harrison's
results, UA%LOY is given by
4
UALLOY - 3272 . ok > 77 (5-55)
1 372 5/2 ‘1. >
O my va{xkl X)(AEALLOY) }(kT)

]

2.369x10-22[(m1/mo)S/Z{X(l-x)(AEALLOY)Z}]-

T—l/Z —1)

2..-1
(cm™V “sec s

where

AE (eV) : the alloy scattering potential.

ALLOY

The most significant parameter in Eq. 5-55 is the alloy
scattering potential AEALLOY' However, an ambiguity over
the choice of scattering potentiél remains. Various proposal
for the alloy scattering potential have been made such as
(1) the difference in the energy band gaps between the
bonary constituents (Tietjen, 1965; Makowski, 1973),

(2) the difference in electron affinities between the binary
constituents (Harrison, 1976), and

(3) the scattering potential based on the electron negativity
theory (see Littlejohn, 1978). The alloy scattering
potential which is calculated by the above three methods ,

for example, varies from 0.1ZeV to 1;528V for the Ga; Al As
system. Hence, it would be better to regard the scattering
potentialfas a justfiable parameter which can be calculated
from a curve-fitting process until a satisfactory theory of

alloy scattering is developed.



-3, Various parameters in ternary alloys.

.In the various formulae for each mobility given in
Sec. 6-2-3, certain material parameters occur, such as the
effective mass, the reduced ion mass, the Callen's effective
‘charge, and so on. The variation of these with composition

" nust be determined if mobility calculations of ternary alloys

re to be made.

Here, the ternary alloy is represented by AxBl—xC’ for
example AlXGal_xAs. 'x' is the mole fraction of AC in the
mixed crystal. The lower subscript, A or B, generally indicates
’that the corresponding parameters is of the end binary compound,

AC or BC, respectively.

Linear interpolations were assumea for the following
parameters:
(1) the lattice parameter; a(x) (Vegard' law)
(2) the heavy- and light-hole effective masses;
ml(x) and mz(x),
(3) the elastic constant; Cij(x)'

i.e., these parameters were assumed to be represented by

i _ ..pl pl
P (x) = x PA + (1-x) PB (5-56)

b4

where P! indicates the corresponding parameters.



The material density p(x) is given by

p(x) = {x-W, + (I-x)-Wp + WC}/Va , (5-57)
where W, (i=A, B,C) : the mass of 'i' atom,
| v, ¢ the unit cell volume, Va={a(x)}3/4. (5-58)

The reduced mass of the unit cell M(X) is given by

1 -1

1 wool s ex)ew, o+ W : (5-59)
B C

M(x) ~ = x'NA

The relative permitivities e (x) and es(x) are given by

(Harrison, 1976)

e.(x) -1 € -1 € -1
1 = X._iLAM__ + (1-X)._1LE~_W

ei(x)-FZ Ei,A.+2 ei’B'FZ

(i:m’s), ' (5"60)

Fig. 6-4 shows the compositional variation of ss(x) and ¢_(x)

as a function of x for Gal_XAles.

The Debye temperature e(x) was estimated as follows

(Harrison, 1976)

The transverse-optical mode angular frequency mT(x) is
given by

2 1/2

2
wT(x) = {x-mT’A + (1'X)'wT,B} (5-61)

The relation between the transverse(T)- and the longitudinal(L)-

optical mode frequency is

fug (0)}° = {es(x)/ew(x)}'{wT(X)}z , (5-62)



‘and that between wL(X) and o(x) is

ko (x) =’EwL(x) ) (5-63)

In the practical calculations, wT(O) and mT(l) were first
éalculated from 0(0) and o(1l) using equations 5-63 and 5-64, since
the o's. of binary compounds are usually available. wT(X) was
calculated using Eq. 5-62, and then @(X) wasAobtained from
equations 5-63 and 5-64. wT(x), wL(X), and o(x) calculated from

Ga

v l—xAleS are shown in Fig. 5-5.

*
The Callen's effective charge e (x) is defined in Eq. 6-47.

Relationships .for all the parameters appearing in Eq. 6-47

have already been given in the preceding sections. Using

these formulae, the Callen's effective charge e* was
estimated, (e*/e) varied linearly with x from 0.20 to 0.25

for Ga; Al As.

The material parameters for the III-V binary compounds

are listed in Table 6-1.
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5-4. Calculation results for p—Gal_xAles.

In sections 5-2 and 5-3, expressions were given for the

Hall mobility of holes. Calculation results for the Hall

mobility of p-Ga Ales ternary alloys are discussed in this

1-x
section, and it is shown that the Hall mobility of
p—Gal_xAles at room temperature is influenced by the existence

of the alloy scattering.

5-4-1. Calculation for GaAs and AlAs.

The method presented in sections 5-2 and 5-3 can be
generally applied to any III-V ternary alloy. In this
section, calculation results for the Hall mobility’of the

Ga XAlXAs ternary alloy are discussed.

1-

Although various parameters appearing in the equations
in sections 5-2 and 5-3 are given in Sec. 5-4, several other
parameters remain in order to calculate the mobility
They are
(1) the deformation potentials: EAC and ENPO"
(2) the acceptor and the free-carrier concentrations; Na and p,
and
(3) the alloy scattering potential; AE,;;qy

It is usual to regard the deformation potentials as

justifiable parameters which can be calculated from the curve
fitting to the results for the high purity materials in the

previous mobility analyses for p-type III-V binary compounds

(Wiley, 1975).



However, it must be recognized that the theoretical formulae
was for drift mobility whereas the experimental values are for

Hall mobility in the earlier works. Since the expressions

for Hall mobility are formulated in Sec. 5-2, the reconsideration
for the deformation potentials is required first.

Th . . ‘ .
e deformation potentials EAC and ENPO wvere determined

as folliows:
. . 15 -3 :
In high purity p-GaAs (Na< 107"cm ), holes are scattered
in the main only by the hole and phonon interaction (AC.NPO
and PO phonons) at relatively high temperature
(T >100K). When only the AC,NPO and the PO scattering is
taken into account in the mobility calculation, this is

Latt

called the 'lattice limited’ mobilify~———~—}1.1 (i=D and H).

The deformation potentials for p-GaAs were determined by
fitting the lattice limited mobility to published Hall mobility
data for p-type GaAs with low carrier concentrations where

at least at higher temperatures the scattering by ionized
impurities can be neglected. Best agreement was found with

*
E,.=3.5eV and ENP =13.2eV, the corresponding curve for

AC

0
Latt gy in Fig. 5-6 together with existi
}%I (T) is shown in F1ig. ogether with existing

experimental data. The deformation potential E,. is
in better accordance with the value of 3.6eV estimated on the

basis of theoretical considerations (Wiley 1970a).

*) The corresponding 7 (see Eq. 5-36) is 14.22,
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100

500

TEMPERATURE (K)

Comparison of the calculated Hall mobility due to the lattice
scattering (AC.NPO and PO) in p-GaAs (solid curve) with

The experimental values are obtained from
Zschauer (o) (1973), Mears (@) (1971), and Hill (e) (1970).

The deformation potentials EAC and ENPO are 3.5eV and 13.2eV,"



Furthermore, the ENPO value for holes determined in this work

is quite similar to the deformation potential Eyp, for electrons
in the indirect conduction minimum of GaAs near the point X

of the Brillouin zone which can be estimated to be about

13eV (Neumann, 1976). As expected the values EAC==3.5eV

and E =13,2eV found in this work agree fairly with the

NPO
corresponding values obtained by Neumann (1978)

(3.5eV and 12.1leV, respectively). (Neumann also
formulated an expression for the Hall mobility, although
it was -simpler than that wused in this work.)
There have been no reported meésurements of hole mobilities

for AlAs (nor AlP). Wiley (1975) estimated that u;att

for AlAs would be 200cm2V—1s—1, although the value had uncertainty

(300K)

of at least 50%. The deformation potential E,. and ENPO

were assumed to be 3.5eV and 11.9eV, respectively.'

For Ga xAleS’ the deformation potentials were assumed to

l_
vary linearly with Al composition for simplicity.

~In order to calculate the mobility due to the ionized
impurity and the neutral impurity scattering using equations
5-49 and 5-53, it is necessary to determine the free-carrier
concentration at a given temperature. Assuming the one-level
impurity model, the free-carrier concentration and the neutral
impurity concentrations were determined. In the one-level
model, the free-carrier concentration is represented by
Eq. 6-7. The acceptor energy level Ea in p~Gal_xA1XAs

increases with increasing Al coiaposition x (see Fig. 6-4.).

as discussed in Chap. 6.
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In the calculations of I.I. and N.I. mobilities, the
experimentally observed value whiéh is given in Fig. 6-4
was. used for the acceptor energy level Ea'

Figure 5-7 shows the dependence of the Hall mobility of
p-GaAs on the free-carrier concentration p at 300K together
‘with reported experimental results. The lattice limitted
mobility of p-GaAs at 300K is 100em?v 1s!.  With increasing
free-carrier concentration the Hall mobility decreases due to
I.I. scattering. The calculated Hall mobility agree fairly
well with the experimental values. However, it must be noted
that the Brooks-Herring formula (Eq. 5-49) can not be applied

to higher impurity concentration ranges of over (3—S)x1017cm_3.

5-4-2. Component of the mobility due to alloy scattering

in p—Gal_XAlXAs.

Figure 5-8 shows the compositional dependence of the
lattice limited Hall mobility of p-Ga; Al As at 300K.
As seen in this figure, the main scattering for p-Ga,_yAlgAs
at room temperature is caused by the AC.NPO scattering.
In ternary alloys, the alloy scattering is taken into account as
an additional scattering mechanism, Hoever, there 1is
an ambiguity over the éhoice of the scattering potential AEALLOY

as discussed in Sec. 5-2-3. AE which havs been estimated by

ALLOY
various authors varies from 0.12eV to 1.52eV for p—Gal_XAles.

Figure 5-9 shows the variation of ALLOY mobility with Al

composition x at 300K, together with the lattice limited mobility.
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alloy scattering potentials for p—Gal_xAles at 300K.
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The total Hall mobility (Lattice-+Alloy) is obtained by including

the ALLOY mobility with AEALLOYj=o.'7eV as seen in this figure,

| The total Hall mobility has a minimum value (m100csz—1s_l,

at 300K) at x+0.65. Since the experimentally observed values
usually contain appropriate impurity atom concentration effects,
shows the total Hall mobility, which jncludes

~I1.I. and N.I. scattering (Na=1x1016cm-3 and 5X1017cm_3,

Figure 5-10

Nd/Na is assumed to be 0.1) It can be concluded from figures
5-9 and 5-10, that there exists a clear bowing in the total
Hall mobility at 300K if alloy scattering exists for the
p—Gal_XAles system, and since the total mobility would be
dramatically affected by the existence of the alloy scattering,
experimentally observed values are required in order to

evaluate the alloy scattering potential quantitatively.®

In Chap. 6, it is shown that the alloy scattering potential

for p—Gal_XAles is about 0.7eV.
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5-5. Summary and conclusion .

The MTBT (Modified Tweo-Band Transport) model was proposed
forwanalyzing the Hall mobility of p-type III-V compound semi-
conductor alloys, Using this model, the drift and Hall
mobilities can be calculated separately. Numerical calculations
’df the Hall mobility were carried out for p;Gal_xAles, taking
vaccount of the acoustic and non-polar optical phonon, the polar
‘optical phonon, the ionized impurity, the neutral impurity,
and the alloy scattering which exists in the tenary (and
quaternary) alloys.

B Comparing these results with the reported Hall mobility
data for p-GaAs, it was shown that the temperature and the
kfree-carrier concentration dependences of the Hall mobility
of holes in p-GaAs could be explained. The roém temperature
lattice limited Hall mobility (the acoustic and non-polar
optical phonon scattering-+fhe polar = optical phonon scattering)
of p—Gal_xAles decreses with increasing Al composition from
400cm?v ls™ at x = 0(Gaas) to 200em® v ls7l at x=1(a14s).
The main scattering in the lattice limited mobility at 300K
was caused by the acoustic and non-polar optical phonon
scattering over the entire Al composition range.

The estimated alloy scattering potential varies from
0.12eV to 1.52eV, depending on the estimation method.

Including the alloy scattering with the total Hall mobility
calculations showed that the total Hall mobility is clearly

affected by this scattering with an alloy scattering potential

of 0.7eV at room temperature.



" CHAPTER 6.
- ELECTRICAL PROPERTIES OF p-TYPE Ga; Al As.

-

6-1. Introduction.

Prior to this work, there were only a few papars concerning
systematic investigations of the electrical properties of
© p-type Gal_xAles.
| In this chapter, the electrical properties of both Zn and
Be doped p-type Gal—xAleS are discussed. The acceptor energy
level, which strongly affects the transport and optical
properties, is discussed theoretically and experimentally in
Sec. 6-3. In Sec. 6-4, the electron diffusion length of
Be doped p—Gal_xAles is evaluated. The results in section
6-3 and 6-4 show that beryllium is a suitable p-type dopant for
opto-electronic devices such as (GaAl)As/GaAs solar cells.
The beryllium doping characteristics are described in Sec. 6-5.
In Sec. 6-6, hole transport properties are discussed and it is
shown that the variation of the Hall mobility of Ga; Al As
with Al composition can be explained by taking into account
alloy scattering, and that the alloy scattering potential for

Ga xAleS is about 0.7eV.

1-



6-2. Measurement of the electrical properties of p-type

Ga XAIXAS.

1-

°*

6-2-1.. Crystal growth.

Zn or Be doped p—GaluxAles epitaxial layers were grown
" on undoped n-GaAs substrates by LPE. The growth temperature
was 850°C for the Zn doped epitaxial 1ayer§ and 750°C for the
Be doped layers. Typical cooling rate and

growth duration were O.5°Cmin_1 and 30 min, respectively.

6-2-2. Measurement techniques.

The electrical properties of the epitaxial layers were
evaluated using the so-called Hall measurements.

For the Hall measurements, p-type ohmic contacts using
Ag +Zn (10:1) were formed on the ZIn or Be diffused p-GaAs
layer, as shown in Fig. 6-1. The reverse side was coated
with Au + Ge (10:1) or Au+ Ge +Ni (10:1:0.5) for an n-type
ohmic contact. The deposited metals were annealed at 400-
500°C for 3-5min in ambient H2 oT NZ' Usually, the Hall
measurements were performed for a specimen size of SXSHmF
or 3x4nmﬁ with the back contact floating. However, even
if one of the contacts on the p-type layer was connected with

the back contact, i.e., the p-n junction was shorted, there

was no effect on the observed results.
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Fig. 6-1.

Sample structure for measurements of the resistivity, the hole
mobility, and the free-carrier concentration. (a) First, the
average resistivity and Hall coefficient of the p—(GaAl)As/p-GaAs
structure weremeasured by the van der Pauw method. (b) After
removing the p-(GaAl)As epitaxial layer, the resistivity and

the Hall coefficient of the p-GaAs diffused region were measured,
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The details of the measurement method follow:

First, the average resistivity P12 and the hole mobility
Mppp Were measured in the temperature range 80-420K using
the van der Pauw method. The average free-carrier concentration

plZ was determined using

Pz = M/ (eogpupg)s | | (6-1)

where the suffix 'l’' denotes the p-(GaAl)As, '2' the p-GaAs,
and '12' the p-(GaAl)As/p-GaAs strutture, and e is the electronic
charge. Subseauently, the (GaAl)As layer was removed using a
selective etchant HF, and the above-mentioned measurements for
p-GaAs were repeated.

Following these measurements, the resistivity P> the
hole mobility wyq, and the free-carrier concentration Py of

the etched-off p-(GaAl)As layer were calculated by the following

formulae:
oy =ty /0] (6-2)
woo = A(RY/0%) /0l ‘ (6-3)
H1 H 1°
pl = 1/(epluH1), (6_4)
where
t,+t t
Gi - 12 2 (6-5)
P12 P2
1 AR/ AR/
A(Ré/pz) - H12 H2 s (6-6)

B (o),/(t,+ )3 (o /t,)°



t : the thickness of p-(GaAl)As,

1
t, the thickness of p-GaAs,
ARﬁ : the "sheet" Hall coefficient,
B : the applied magnetic field (mO.ST)7
e : the electronic charge.

In these measurements, the p-(GaAl)As/p-GaAs structure

“can be regarded as a parallel combination of resistors and the
Hall voltages as a parallel combination of the voltage source
of each layer. When calculating the free-carrier concentra-
tion, the Hall-coefficient factor was assumed to be unity fer

.simplicity.

The above-mentioned technique, which is basically the
same as the van der Pauw method, was first developed by
Petritz(1958). Petritz's method has been widely
utilized to détermine the carrier concentration profile of

- layers with complex distributions (Arizumi, 1968; Wang,1977;
Kim, 1979). In chapter 4, the free-carrier profile in the p-GaAs
region which was formed by impurity diffusion during the LPE

growth process, was determined using this technique.

6-2-3. Determination of the acceptor energy level and the
acceptor concentration.

Figure 6-2 shows the temperature variation of the
resistivity, the hole mobility, and the free-carrier concen-
tration for the Be doped p_GaO.2A10.8AS layer and the correspond-
ing p-GaAs diffused region. As illustrated in Fig. 6-2(a),
the resistivity of GaO.ZAlO.SAS is about ten times higher than

that of the p-GaAs region. In the low temperature region
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‘ﬁ(T(SOOK), the resistivity of both layers decreases with
increasing temperature due to an obvious increase in the free-
carrier concentration, as shown in Fig. 6-2(c). On the other
hand, the increase in resistivity in the region above 270K is
caused by a decrease‘in hole mobility.

The variation of free-carrier concentration with temper-
ature has been used to determine the acceptor energy level Ea
and the acceptor concentration Na for beryllium or zinc using
the following equation which utilizes the Boltzmann approxima-

tion (Hutson, 1957).

+ * . . E
a d o
where
N, = 2(2mm k1/h)*/Z,
Na the acceptor concentration,
Nd the unintentionaly doped donor concentration.
mﬁ the hole effective mass;
my o the free electron mass,
g : the ground state degeneracy factor,
Ea : the acceptor enérgy levei.

When determining the acceptor energy level and concentration,

the following assumptions were made:
(a) Equation 6-7 was considered valid for the present case
as (GaAl)As is not degenerate.
(b) The hole effective mass was considered to be O.Smo,
independent of x for simplicity.
(c) The degeneracy factor g was taken to be 4 (the same as

for p-type semiconductors with a doubly degenerate valence
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band at k=0).

(d) The variation of free-carrier chcentration as shown
in Fig. 6-2(c) can be partly accounted for by impurity
band conduction in the low temperature regiomn.
However, this has not been considered in the

determination of Na and Ea'

_ No.15 N
"100 - G Aljq A E
- P-Lag g Algg AS =
g -k .
G B ]
210" |k .
> - -
; i WM
@ - : -
o
B Lp—GaAs diffused region
107 t ! 1 L ! l «
100 200 300 400
Temperature ( K 1}
Fig. 6-2(a)
Fig. 6-2.

Variation of (a) the resistivity, (b) the hole mobility, and
(c) the free-carrier concentration with temperature for the

Be doped p-Ga, 2AlO ghAs and p-GaAs diffused region.
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6-3. The acceptor energy level in Gal—xAleS’

The optical and transport properties of semiconductors are
strongly affected by the presence of charged impurities,
'kowing to the bound states that such impurities produce in the
forbidden gap. In this section, the acceptor energy level

in Ga; Al As is discussed theoretically and experimentally.
6-3-1. Theoretical estimation.

It is well known that the band structure has a simple
minimum in the conduction band and a degenerated maximum in
the valence band. Therefore, donor states are easily
investigated whereas a complex analysis is required for
acceptdr states. Here, the acceptor energy level in
Ga; Al As is estimated according to Baldereschi and Lipari's
hydrogenic model (1973).

The acceptor center is described with a Coulomb potential
screened by the dielectric constant of the host crystal. |
Assuming also that the kinetic energy is well described in the

effective-mass approximation, the acceptor Hamiltonian is
2

- 5 P Y2 2.2, 2.2 2.2.2
1= (rpogr— = =2 (L%l plo)
o)

2T

- - ({pxpy}{JXJY}+{pypz}{JyJZ}+{prX}{JZJx})
)
2

— e /(4ner), (6-8)
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{ab} = (ab+ba)/2,

g = zoer s

ey ! the permitivity of free space,

€p ¢ the crystal static dielectric constant,

m, the free electron mass,

e : the electronic charge,

Y1s Yos Yz the Luttinger's valence band parameters
(Luttinger, 1956),

5 the hole linear momentum operator,

J the angular monentum operator corresponding to

.3
spin 5 .

~This Hamiltonian can be thought of as describing a particle
with spin 3/2 in a Coulomb potential. The first term is the
particle kinetic energy, the second and third terms represent
a kind of "spin-orbit'" interaction, and the last term is the
external potential. Using this acceptor Hamiltonian, the
acceptor energy level Ea’ i.e., the binding energy of the

ground state, is given by

tr
]

R, K(w) ‘ (6-9)

e4m¢ 1

Ry = {— 1 5 } (the effective Rydberg),
2h (4weo) €Y1

woo= (6yg+dy)) /5y,

where K(u) is the acceptor energy spectrum as a function of the
parameter u, and has been calculated by the variational method
for the strong spin-orbit coupling(A=~) and the weak spin-

orbit coupling (a=0) (Baldereschi and Lipari, 1973).-
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Figure 6-3 shows their calculated results for the acceptor
kenergy spectrum as a function of u in the strong spin-orbit
coupling limit (Detailed values are also tabulafed in Table III
of their paper.).

In the calculation of Ea, the exact values of the
~parameters for Gal—xAleS have not been reported yet. Hence,
the values for the Luttinger's valence band parameters of
Gal—xAleS were assumed to vary linearly with the Al composition
X. The static dielectric constant €. was assumed to vary

parabolically with x, since Casey (1974) reported that the

refractive index of Ga;_ Al As varied linearly with x.

Fig. 6-3.

Calculated acceptor energy

spectrum as a function of u

Acceptor spectrum K(u)

in the strong spin-orbit

i coupling limit (4 =)

Oo l 01.2' 01.4. Qfs' 08 1 (Baldereschi, 1973) .
H
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The acceptor energy level in Ga AlXAs; ‘The solid curve re-

1-x
presents- the theoretical values calculated using Eq. 6-9.

The circles represent the values observed in LPE Zn doped
Ga; AL As samples, which were determined from the free-
carrier concentration Variation with the inverse temperature.
The squares represent the values observed in

Zn doped MO-CVD samples (Yang, 1981). The triangles are the

values observed in LPE Be doped Gal-xAleS samples.
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The solid line in Fig. 6-4 shows the acceptor energy
level which was calculated using Eq. 6-9,. The calculated

acceptor energy level in Ga xAleS increases from 25.6meV at

1-
x=0 (GaAs) to 70.4meV at x=1 (AlAs). This increase in the
acceptor energy level with increasing Al composition is mainly

due to the decrease in the dielectric constant with increasing

Al composition.

N.B., since the impurity atoms are assumed to be the

hydrogenic atoms which produce the Coulomb potential (see

Eq. 6-8), the theoreﬁical curve can not explain the so-
called chemical shift. However, the acceptor energy levels

in GaAs, which were observed in the photoluminescence
measurements, generally increase with increase in the atomic
number for II-column acceptors (see review paper of Kamiya,
1976). These results could lead one to expect that the
acceptor energy level for Be is smaller than that for Zn in

Ga —xAleS'

1

6-3-2. Comparison with experimental results.

In Fig. 6-4, the acceptor energy levéls for Zn and Be,
which were obtained experimentally, are also illustrated.
In the case of the acceptor energy level for Zn, the circles
indicate the values of the LPE samples (this work), while the
. squares indicate values for the MO-CVD samples reported recently

by Yang (1981a).
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;;Very similar results are obtained both for the LPE and MO-CVD

fsamples. The acceptor energy levels for Zn agree fairly well
:‘with the theroretical values when x<~0.5, However, they increase
~more rapidly than the theoretical values when x>~0.5, Extra-

- polating the experimental acceptor energy levels produces a
 Va1ue of 140meV for Zn at x=1.0. This is about twice the
 theoretical value at x=1. This rapid increase in the acceptor
energy leval for Zn for x>0.5 may be attributed to the direct-
indirect transition of Gal—xAleS (Yang, 1981b) or to the so-

 6311ed chemical shift.

Since the acceptor energy level increases with Al composi-
tion x, the free-carrier concentration at room’temperature (
i.e., the holes that are thermally ionized from the acceptor
atoms) will decrease with increasing x, if the acceptor concen-
tration 1s constant. Figure 6-5 shows the acceptor concentra-
tion Na (open cirles) and the free-carrier concentration (open
squares) for Zn doped Gal_xAleé as a functionvof Al composition.
These films were formed at 850°C and the weight of Zn in the
Ga-Al-As melt was 8mg/l g of Ga, independent ofnthe Al composi-
tion. The increase in the acceptor energy concéﬁtration Na
with increasing x may be caused by an increase in the segrega-
tion coefficient of Zn for Ga, Al ,As with increasing x.

The free-carrier concentration at room temperature decreases
with increasing x, although the acceptor concentration increases
with incréasing X. This could be explained by the increase in
the acceptor energy level for Zn with increasing as predicted

above.
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The acceptor concentration Na and the free carrier concentration
at room temperature as a function of Al composition. The
weight of Zn in Ga-Al-As melt is 8mg/lg of Ga independent

of Al composition. The epitaxial Gal_xAles layers were

grown at 850°C
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The acceptor energy level for Be at x=0.8 is also
illustrated in Fig. 6-4, and is 47meV, This value is about half
that for Zn at x=0.8. This small acceptor energy level agrees
with the behaviour in GaAs as discussed in Sec. 6-2-1.

Thus, it may be expected that the resistivity of p-(GaAl)As

can be reduced using Be as a p-type dopant, since the
free-carrier concentration at room temperature is increased
because of its small acceptor energy level in (GaAl)As.

For the preparation of (GaAl)As/GaAs solar cells (see
Chap. 10), a p-type dopantwhich can produce a small acceptor
energy level at x20.8 is required in order to reduce the
sheet resistance. Hence, it can be stated that
k beryllium is a more suitable p-type dopant for (GaAl)As/GaAs
solar cells.

The increase in the acceptor energy ionization energy Ei
in Gal_XAlXAs with x was first reported by SpringThorpe (1975)
for Gef In addition to this work, the increase in the acceptor
energy level Ea in Gal—xAleS was reported for Mg (Mukai, 1979),
for Be (Fujita, 1980), and for Zn (Yang, 1981). However,
the research work reported here represented the first publication
of the increase of Ea together with the relevant theoretical

calculations.

*) SpringThorpe (1975) defined the ionization energy Ei as
pcrexp(—Ei/ZkT) for simplicity.

**)Following the completion of the research programme
described here, Fujita (1980) reported the increase of Ea
for Be in Gal_XAles for various Al compositions, whereas Ea

for Be was evaluated only at x=0.8 in the author's work.
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i‘6-4. The minority carrier diffusion length.

The minority carrier diffusion length is one of the most
:'significant physical parameters in the design of electronic
t devices. The electron diffusion length of Zn- or Ge doped
p-GaAs has been reported by many researchers (Casey, 1973;
‘Ettenberg, 1975).

The electron diffusion length Ln in the p-GaAs region was
evaluated using the SEM beam-induced current technique (Konagai,
11976b). The béam energy was 20keV and the induced current was
measured point by point as the electron beam was scanned
perpendicularly across the junction (Fig. 6-6). The measured

region was the Be diffused p-GaAs in the undoped n-GaAs

epitaxial layer. The thickness of the p-GaAs region was about
7um. The room temperature free-carrier concentration was
about lxlolgcm—3 on average. Ln was determined from the

relation Lcrexp(—X/Ln), where X is the distance from the p-n
junction. The rapid decrease of the induced current near the
junction shown in Fig. 6-6 may be due to surface recombination
effects (Hackett, 1972). The value of Ln obtained from the
slope remote from the junction.infiuence is 4.3um. It should
be noted that the free-carrier concentration is not uniform
throughout the whole p-GaAs layer as discussed in Chap. 3.

The free-carrier concentration at the hetero-interface between
p-(GaAl)As and p-GaAs, i.e., for X~7um in Fig. 6-6, is

18 16

about 2x1078cm™3 and that at the junction is about 10 %cm™3.

Thus the free-carrier concentration increases from about

leO”c:m-3 at 4um to about 2x1018cm~3 at 7um.
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The free-carrier concentration in p-GaAs 1is lxlolgcm_3

on average.
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There 1s no previously reported value for the diffusion length
in Be-doped p-GaAs. However, the above value is comparable
"to that for Zn doped p-GaAs (Ettenberg, 1975). Figure 6-7
shows the electron diffusion length of Ge doped p-GaAs obtained
by Casey (1973). As shown in this figure, Ln==4.3um is
compatible with these results.

Kawakami (1973) reported Ln'»Sum independent x when 0<x<0.3
for Ge doped p-Ga; Al As. Ln for Be doped p-Gay gAl, JAs
(p~1x1018cm-3) was evaluated using the same technique in this

work. Ln (Re doped, x=0.1) was about 5.0um.

Since the electron diffusion length of Be doped p-(GaAl)As
is compatible with that of Ge or Zn doped (GaAl)As reported
previously, a high performance can be expected from Be doped
elecronic devices. In Chap. 10, it is shown that the conversion
efficiencies of Be doped (GaAl)As/GaAs solar cells are in

excess of 20%, that is comparable or higher than that obtained

using other p-type dopants such as ZIn.
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Beryllium doping characteristics for Ga Al As.

6-5- 0.2°%0.8

Although beryllium will be used as a p—type dopant for
(GaAl)As/GaAs heterostructure devices, the doping characteristics
of the LPE layers have not yet been investigated. However, the

beryllium doping characteristics for Ga XAlXAs with x=0.8 were

1-

The variation of the room temperature free-carrier concen-
~ tration and resistivity of p-Ga, ,Al; gAs with Be concentration

?.CBe in the growth melt of Ga-Al-As are illustrated in Fig. 6-8.

 The free-carrier concentration is approximately proportional to

' the Be concentration CBe in the range 0.0Z—O.Z‘at%, and thus can

:;be controlled by CBe in the range 3)(1017cm—3 —3x1018cm_3. The
distribution coefficient k for Be in GaO.ZAIO.SAS was found to
be about 0.03 using the room temperature free-carrier concentra-
tion. Recently, Fujita (1980) reported the distribution co-

efficient for Ge in Ga xAleS' The value k=0.03 at

1-
x=0.8 obtained in this work agrees with Fujita's results. The

resistivity decreases with increasing C It is not inversely

Be®
proportional to CBe because of the decrease in the mobility with
increasing free-carrier concentration. The Hall mobility of

Be doped p—Ga0 2Alo ghs is discussed in the next section.

.
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§6~6- The alloy scattering effect for hole transport in

p-Ga; Al As.

In chapter 5, it was shown that the Hall mobility of
4thGa1_xA1XAs was influenced by the eXisteﬁce of alloy scattering
;;at room temperature, The alloy scattering potential which was
ktheoretically estimated varied from 0.12eV to 1.52 eV depnding on
the estimation method. The alloy scattering potential was
fdetermined by comparing it with the experimental data obtained

in this work.

Figure 6-9 shows the Hall mobility of Zn doped p-type
Ga;_ Al As as a function of the Al composition. The acceptor
Jconcentration for these samples was about 5x1017cm_3.
Theoretically calculated Hall mobilities are also shown in this
figure. The acoustic and non-polar optical phonon (AC.NPO),
the polar optical phonon (PO), the ionized impurity (II), and
the alloy (ALLOY) scatterings as an additional scattering in
ternary alloys, were taken into account in the numerical calcula-
tions. The three curves in Fig. 6-9 are (1) LATTICE (AC.NPO +
NPO), (2) LATTICE + II, and (3) LATTICE + IT + ALLOY mobility. In
the calculation of the II scattering, Na==5x1017cm—3 and Nd/Na=
0.1 were assumed. Although the neutral impurity scattering was
also calculated; no effect on the total mobility was observed.
The compositional dependence of the observed Hall mobility can
not be explained by including LATTICE + II scattering only.
However, by including the alloy scattering in the total Hall

mobility calculation, fairly good agreement was obtained as

shown in this figure.
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Best agreement was found for an alloy scattering potential

AEALLOY==O.7eV. Chandra (1980) reported EALLOY:=O'446V (on

average) for high purity undoped n—Gal_iAlXAs (x <0.18). However,
the alloy scattering potential AEALLOY for p—Gal_XAles
determined in this work agree with one of the previously

reported theoretical values, i.e., the energy band gap difference
X,AlAs__EF,GaAs
g g

Figure 6-10 shows the room temperature Hall mobility of

between GaAs and AlAs (E =0.74eV).

Be doped p~GaO.2A10.8As as a function of the free-carrier
concentration, together with the theoretically calculated
values. In the numerical calculations, the acceptor energy
level Ea was assumed to be 47meV (see Fig. 6-4).

The experimental data agree with the theoretical results using

AE =0.7-0.8eV.

ALLOY

This work was the first to show that the compositional
dependence of the Hall mobility in p-Ga; Al As can be explained
by the existence of alloy scattering. More detailed work
will be required to explain the temperature dependence of ther

Hall mobility of p—Gal_XAlXAs ternary alloys. ¥

*) Temperature dependence of the Hall mobility for X=0.15,
including the alloy scattering component, is explained in

this work.
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iM6-7- Summary and conclusions.

A systematic investigation of the electrical properties of
both Zn and Be doped p—Gal_XAles are described in this chapter.
The acceptor energy level is discussed first. Using the
modified hydrogenic model, which takes into account the
valence band structure, it was shown that the acceptor energy
level in Gal—xAleS increases with increasing Al composition.

~The acceptor energy level for Zn in Ga AlXAs, which was

1-x
obtained from the free-carrier concentration variation with the
inverse temperature, agrees with the theoretical estimation for

x < 0.5 and reaches about 140meV at x =1.0(AlAs). Zinc produces
é relatively deep level whereas beryllium produces a relatively
shallow 1evél of 47meV at x=10.8.- Beryllium would be a more
suitable p-type dopant when relatively low resistivity films
with low acceptor concentration are required such as in
(GaAl)As/GaAs solar cells.

The electron diffusion length of Be doped p-GaAs was
evaluated using the SEM beam-induced current technique. The
observed electron diffusion length was 4.3 um for p'n1x1018cm—3,
and this value 1s comparable with that observed for other
p-type dopants such as Zn and Ge.

Beryllium doping characteristics were investigated, and

the free-carrier concentration was controlled from 3)(1017cm-3

to 3x1018cm~3 by the Be concentration in the LPE growth melt.
The distribution coefficient of Be in Ga 2A10 gAs was found

to be 0.03
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Comparing the observed Hall mobility of Zn doped
:p—Gal_XAles with the theoretically calculated Hall mobility,
}it was shown that the compositional variation of the Hall
‘mobility at room temperature can be explainea by the existence
of alloy scattering, and that the alloy scattering potential

is 0.7eV for hole transport in p-Ga AL As.

1-
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PART III

- DEVELOPMENT OF TII-IIT-III-V QUATERNARY SEMICONDUCTORS.

Chapter 7.

fChapter 8.

Development of new III-III-III-V quaternary

semiconductors.

Crystal growth and physical properties of
(AlXGal_X)yInl_yAs_ lattice matched to an InP

substrate grown by molecular beam epitaxy.



CHAPTER 7.
TETDEVELOPMENT OF NEW III-III-III-V OUATERNARY COMPOUND

= SEMICONDUCTORS.

| 7-1. Introduction.

In this chapter, the requirement for the development of
III-III-III-V quaternary semiconductors for opto-electronic
devices operating in the infra-red and visible wavelength
region 1s explained. The expected fundamental properties of
these materials are discussed briefly in Sec. 7-3.

Although the requirement for the development of these
materials 1s clear, there have been no previous reports
concentrating on the epitaxial growth. It is shown in
Sec. 7-4, that the conventional liquid phase epitaxy is not
suitable for the preparation of these materials. This is
confirmed by the phase equilibria calculations. Molecular
beam epitaxy is shown to be the most suitable growth technique

for these materials.

7-2. Historical background and the necessity for the

development of III-V quaternary compound semiconductors.
The optical communication system has become neccessary
in order to cope with the increase in communication volume.

The main devices from which an optical communication system is
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- constructed are the laser diode or light emitting diode as
light source, the optical fiber as transmission medium, and
the photodetectors. The research and development of laser
’diodes for optical communications has been in progress since
the 1960's. The most significant studies were the single
heterostructure (SH) and double heterostructure (DH) hetero-
structure (GaAl)As/GaAs laser diodes in 1970 (Hayashi, 1970;
Goodwin, 1970). The high performance (GaAl)As/GaAs laser
diodes were improved throughout the 1970's. However, it
became' clear in the latter part of the 1970's that the
transmission loss of optical fibers appeared at wavelength
of 1.1-1.3 um. Consequently, the development of laser diodes
gradually shifted from the (GaAl)As/GaAs system to the
InGaAsP/InP system for which the emission wavelength is 0.9-
1.5 um, On the other hand, optical semiconductor devices for
the consumer and the industrial field require light emitting
diodes and laser diodes which emit visible 1lights(<750nm).
Naturally, high performance photodetectors are required to
complement the light emitting devices. In summary, the
greatest requirement for optical devices for the 1980's 1is
for those constructed from the material whose energy band gép_
wavélength region is less than 750 nm (for the visible region)
and greater than 1.0 ym (for the infra-red region). It is
also preferable that the direct energy band gap should be in
the required wavelength region.

The III-V compound semiconductors have energy band gaps
which comply with above requirements.

On of the most successful optical semiconductor devices

- 120 -

pr—



is the DH laser diode. Several other devices are also
“ constructed using the heterostructure. However, an important
~problem in heterostructure devices is the lattice mismatch at

“the interface between the materials. In DH laser diodes,

. for example, rapid degradation of the laser is caused by only

0.1% lattice mismatch between the grad layer and the active
uiayer. The lattice constant and the energy band gap can
vary independently with the proportion of each constituent in
the III-V quaternary solid solutions.

Therefore, development of III-V quaternary semiconductor
alloys is necessary in order to obtain an energy band gap in
the infra-red and visible wavelength region, and to improve

the optical semiconductor device performance.

The latter part of this section discusses the classification

of III-V ternary and quaternary semiconductor alloys.

The elements, which form III-V solid solutions, lies near
the metal-nonmetal boundary of the periodic chart as shown in
Fig. 7-1, which includes the IIa and VIa elements. The III-V
compound semiconductors of interest in this work are those
between Al, Ga, and In (group-III) and P, As, and Sb (group-V).
Although solid solutions can be formed which contain B or N,
these materials are not considered in this study.

III-V compound semiconductor alloys are categorized in
the following groups, ——binary, ternary, and quaternary alloys.
Although there are solid solutions which have five or more
elements, such as (AlGaIn)AsP and (AlGaIn)AsPSb, discussions

of these materials is neglected, because there are too many
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Fig. 7-1.

A portion of the periodic chart showing the elements.

Group n* Example
Binary I1I1-V 9 GaAs, InP
Ternary I11-1T1I-V 9 (GaAl)As, (InGa)As
I1I- Vv - V 9 Ga(AsP), In(AsP)
Quaternary ITT-T17-111- 3 (A1GaIn)As, (AlGaln)P
III- Vv -V - V 3 In(AsPShb)
ITI-III-V -V 9 InGaAsP, GaAlAsP

Table 7-1.

Classification of III-V semiconductors.

The pentagonary and the hexagonary alloys are neglected.

n® : Number of possible combinations.
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?;uhknown physical parameters to éstimate the physical properties
iiof these materials.

There are two sets of III-V ternary solid solutions and

- three sets of III-V quaternary alloys as shown in Table 7-1.
;{In these alloys, more than one group-III element is distributed
‘randomly on the group-III lattice sites or more than one
group-V element is distributed on the group-V lattice sites.
’ The alloys crystallize in the zinc-belnde structure. The

notation most frequently used, and that adopted in this work,

‘is AmBIII CVDV with AIE and BHI for the group-III elements
. 1xy1y
and with CV and D for the group-V elements. If A, B, and C

are group-III elements and D is a group-V element, the notation
) DI V
yly

notation is used for the solid solutions of III-V-V-V.

(A is convenient (Casey, 1978). A similar

X

In ternary solid solutions, the crystal lattice constant
generally varies linearly with the composition, and this
behaviour can be reasonably assumed to occur also in quaternary
solid solutions (Vegard's law). Linear variation with com-
position does not, in general, occur for the other properties.
However, when detailed data are unavailable it is often
necessary to use linear interpolation.

An additional degree of freedom in lattice matched III-V
heteristructures may be found in quaternary crystalline solid
solutions, namely, that the energy band gap and the lattice
constant vary independently with compositions.
(AlXGal_x)yInl_yAs is, for e#ample,,lattice matched to InP for

all values of x when y=0.47, and has a direct energy band gap

which increases linearly with x from 0.73eV to 1.55eV.
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7-3. The expected physical properties of III-III-III-V

quaternary alloys and their applications.

In this section, the fundamental physical properties of
CIII-III-III-V quaternary solid solutions, which can be

;éstimated from the end ternary solid solutions, are discussed.

,7—3-1. Lattice constant and energy band gap.

The lattice constant and the energy band gap variation
~with composition are the primary properties of interest when
considering the heterojunction. The assumption that the lattice
constant of quaternary solid solutions varies linearly with
composition, is known to be a good approximatioh (Vegard's
law). With regard to the energy band gap, it is important to
know not only the energy difference from the valence band to
the lowest conduction band, but also the energy separation of
the various conduction band minima. Therefore, it is useful
to know the compositional dependence of the I', L, and X
conduction band minima. The variation of the energy band

gap with composition can often represented by

Eg = g + bx + cxz, (7-1)

for a ternary solid solution AIEBIH CV or AD[[CVDV .

x T1-x X 1-x
The factor 'c' is termaed the bowing parameter, and has been
treated theoretically by Van Vechten (1970). Of the 18
conceivable ternary systems among the group-III and group-V
elements, the experimental data are available for more than

half. The variation of the energy band gap, when the
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experiemental data are unavailable, is assumed to vary linearly
with composition. Table 7-2 summarized the reported band
gaps at the I', X, and L points for the 18 possible ternary
systems.

According to Vegard's law, the lattice constant a(x,y)

for (AiHB{?X)yC{?yDV quaternary solid solutions is represented
by
a(x,y) = xy-a,y * y(l-y)-apy + (1-y)-aqp, (7-2)

where arps app’ and acp are the lattice constants of the
binary compounds AD, BD, and CD, respectively. Thus, the
lattice constant of (Aleal—x)yInl— As is represented using

y
Eq. 7-2 as follows;

a(x,y) = 5.66022-xy + 5.65321-y(1l-y) + 6.0584-(1-y).
(7-3)
When this alloy is lattice-matched to InP(a=5.86875A), the

relationship between x and y 1is

y = 0.18965/(0.40519-x - 0.00899)

v~ 0.47 (for all values of x). (7-4)

Therefore, (Al_Ga ). In As can be lattice matched to InP
x 1l-x"y T1l-y

when y =0.47 for all values of x. Hence, the variation of

any physical property with composition for (Aleal—x)yInl—yAS
can be represented as a function of x alone. This due to
the fact that AlAs and GaAs have nearly the same lattice

constant (see Table 2-1.).
oI D" can be
X

B
Y

m .V
),C1-

I
1-x7y

The energy band gap Eg(x,y) of A
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Ternary
Alloy

Type o
Energy

Band *

f

r (eV)

X (eV)

L (eV)

Al,Ga, P

Aleal_xAs

Al,Gay_,Sb
Al In; P
AlxInl_xAs
Al,In,_,Sb
Ga,Ingy P
GaxInl_xAs
Gaxlnl_be

D-+1I

D~>1I

D~1I
D1
D-1I
D+1I
D~+1I
D+D

D-+D

1.424+1,.247x (x<0.45)

1.424+1,247x+

0.726+1.129x+0.368x

1.

351+2.
.360+2
L172+41
.351+0
.35 +0
2172+0

23 x

2

.012x+0.698x >

.621x+0,
.643x+0.
.63 x+b.
.139x+0.

43 x
768x

415x

2
2

45 xz

2

1

1.147(x-0.45)%(x>0.45)
1.020+0.492x+0.077x2

2

.900+0.125x+0.143x

1.708+0.642x

0.799+0.746x+0.334x>

Al PAs;
Al P,Sby .

AlAsXSbl_x

Ga PyAsy

Ga Pbel-x
GaAs Sby_,
In PAs,
In P,Sby_y

InAs Sby o

I-1I

I~+1
D+1I

D~>1I
D~+D
D-+D
D+D
D-+D

L424+]

.726-0
.360+0

.150x+0.

.S12x+1.2

X

176x2

2

.891x+0;101x2

L18--0.41 x+0.58 x

2

1

.977+40.355x+
0.211-x(x-1) 2(77K)

1.802+0,93x+

0:160 x(x-1)2(77K)

Table 7-2.

The reported energy band gaps

the 18 possible III-V ternary

*)

D

Direct energy band

I : Indirect energy band.
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obtained by interpolation between the energy band gaps of the
end ternary solid solutions. E;(x,y) (i=T1, X, and L) can

‘therefore be represented by

Eé(x,y) . (1—x)~E;<o,y) + x-Eé(l,y), (7-5)

where i =T, X, and L. In Eq. 7-5, the bowing factor is
neglected for simplicity and because there are some ternary a
alloys for which the bowing parameter 'c' has not be determined

experimentally .(see Table7-2.). The energy band gap E;(x,y)

. I ,, V.V \%
(i=T, X, and L) of A (Bxcl-x)yDl-y
il

Iy
X

can be represented in

m v

the same manner as that for (A D'.

l—x)ycl—y
The lowest energy band gap of (AlXGal_x)yInl_yAs can be

written as follows using the values listed in Table 7-1.

]

Eg(x,y) (6V) = (1-x)-(0.35 +0.63y + 0.45y°) +

x+(0.36 + 2.49y) for 0.68 >y >0,

i

and E;(X,y) (eV) = (1-x)-(0.35 + 0.63y +0.45y2) +

x+(1.81 + 0.353y) for 1.0>y >0.68. (7-6)

Figure 7-2 shows the energy band gap and lattice constant

contours superimposed on the x-y composition plane. The com-

o . . m, m LV
positional plane is a triangle for (AX Bl—x)ycl—yD

m, V.V | JV .

A (Bxcl—x)yDl—y rather than a square as 1n the case of

A;HBIH CVDV . The relationship between the lattice
x “1-x7y"1l-y

and'

constant and the energy band gap is shown in Fig. 7-3.

The data for (Aleal—x)yInl—yP and Inl-xGaxAsl—ypy are also
shown in this figure, It can be seen that (AlGaIn)As lattice
matched to InP has a wider direct energy band gap than that

of the InGaAsP/InP system, and that (AlGaln)P lattice matched
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(2.16 eV)
ALAs

0 5854
o 0.2 0.4 0.6 08 1.0
InAs GaAs
(036 ev) A (142 V)
(AQ;GQ‘.;).,I“].?AS
(2.45 ev)
ARP
(b)
R \6—-\LATTICE
. . =MATCH TO
5794 0.2
587k o AN 0 5.454
0 0.2 0.4 0.6 08 10
InP I Gap
(1.35 ev) Y (2.26 ev)

{ AﬂxGO‘.x)TIn,,yP

Fig. 7-2.

The x-y compositional planes for (AlXGa1

x)yInl— As and

Y

(Aleal—x)yInl—yP at 300K. The solid lines are constant
direct-energy band-gap values by a linear extrapolation of

Eg from the end ternary solid solutions.

The dashed lines

represent the InP lattice constant (in (a)) and the GaAs

lattice constant (in (b)).
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LATTICE CONSTANT (A)
Fig. 7-3.

The relationship between the lattice constant and the

energy band gap of three quaternary III-V semiconductors.

Thick line ( ) : (AlGalIn)As in this work.
Thin lime (——) : (AlGalIn)P.

Broken line(——-) : InGaAsP.

- 129 -



_GaAs has a wider direct energy band gap than that the

l(GéAl)As/GaAs system. It is noteworthy that (Aleal_X)yIn P/

1-y
pGaAs is the only III-V material which produces a laser diode
operating in the visible wavelength region (A<750nm).
It is clear that these III-III-III-V materials are amongst the
host attractive materials for opto-electronic devices operating
in the infra-red and visible wavelength regions as discussed
in Sec. 7-2.

The energy band gap of (AlXGal_x)ylnl_yAs lattice matched
‘to InP as a function of composition is shown in Fig. 7-4.

The direct energy band gap of this material increases

with x from 0.73eV to 1.55eV.

7-3-2. Application to opto-electronic devices.

One of the most useful application of these materials the
DH laser diode. Heterostructures utilizing the y =0.47
(AlXGal_x)yInl_yAs quaternary are of particular interest.

Structures on an InP substrate of

n- (Al Gay ) 4710y ggAs/n- or p-(Al Ga; . )4 47Ing g3As/

/p- (Al Gay 1) 47Ing g3AS

with x'>x would give laser emission from 0.73eV to 1.35eV for
values of x up to 0.8. The prospect of laser emission in the
1.2-1.3 um range is an interesting possibility for this system,
The avalanche photodiode with a super-lattice structure is also
available using this system (Cappasso, 1981).

The heterostructure constructed with y =0.53
(Aleal—x)yInl-yP would give laser emission from 1.8eV to

2.15eV for values of x up to 0.8.
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Fig. 7-4,
The energy band gaps of (Aleal—x)yIn1~yAS lattice

matched to InP as a function of x, calculated using
Eq. 7-3 to Eq. 7-6. The X and L point energy band gaps

gaps are of approximately the same value.
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74, Possibility of epitaxial growth of III-III-III-V

quaternary alloys.

The III-III-III-V quaternary solid solutions are new
?7candidates for the manufacture of opto-electronic devices
f}operating in the visible and infra-red wavelength region as
i'discussed in the previous section. Consequently, it 1is
:important to consider the crystal growth techniques for these
“materials. It is concluded in the followiﬁg discussions that
; MBB is a more suitable epitaxial growth technique than LPE

(AL, Ga As.

l—x)yInl—y
7-4-1, Liquid phase epitaxy.

When preparing III-V compounds using liquid phase epitaxy,
it is first necessary to calculate the phase equilibria.
" The liquidus-solidus phase diagram of III-III-III-V compounds
can be calculated using the quasi-regular soclution approximaion.
Details of the quasi-regular solution approximation are described
in Appendix A. Figure 7-5 shows the results of the phase
equilibria calculations at 640°C for an (AlGaln)As quaternary
alloy lattice matched to InP. In the LPE process for this
alloy using an InP substrate, the liquidus melt consists of
Al, GaAs, InAs, and In. The required amounts of Al, GaAs,
and InAs forl0.4g of In are shown in Fig. 7-6. As can be seen
from Fig. 7-5 and Fig. 7-6 the required amount of Al is very
small over the entire range of x for the lattice matched condi-
condition. This situation is confirmed by calculating the

compositional change in the epitaxial layer.
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'he compositional change in the epitaxial layer can be
alculated using the quasi-equilibrium process (Ilegems, 1974;
'sozumi, 1977, Ijuin, 1976). Figure 7-7 shows the com-

jositional change in (AlXGal_x)yIn As during the cooling

-y
rocess from 700°C. The Al mole fraction in the solid solution
.ecreases rapidly due to the depletion of Al in the liquid
olution. It can be concluded, from the above results, that
‘he epitaxial growth of an (Aleal_X)yInl_yAs quaternary solid
olutions on an InP substrate is very difficult because of the
mall amount of Al in the equilibrium liquid solution. This
ituation derives from the large segregation coefficient of Al.
‘urthermore, the epitaxial growth of these materials was
xperimentally impossible by the usual LPE method,

Although the above discussions are restricted to the
AlXGal_x)yInl_yAs/InP system, the calculation for
AlXGal_x)yInl_yP~quaternary solid solutions shows that the

pitaxial growth of these alloys is more difficult than for

In As.

Aleal-x)y 1-y
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Fig. 7-7.

700 690 680 670 660 650

Compositional change in (Aleal_x)yInl_yAs during the

cooling process from 700°C. The quasi-equilibrium

process is assumed in the calculation.

At 700°C the solid solution is x=0.6 and y=0.47,

which is lattice matched to InP.

The rapid decrease of

the Al mole fraction in the solid solution is due to

the depletion of Al in the liquidus melt.
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7-4-2. Molecular beam epitaxy.

Molecular beam epitaxy (MBE) is a growth technique in
which epitaxial layers are produced by impinging thermal beams
of molecules or atoms upon a heated substrate under ultra-
high vacuum conditions. As MBE is essentially a non-
equilibrium growth process, the composition in the epitaxial
layer can be easily controlled by the flux of each molecular
beam. When Gal—xAleS is grown on a GaAs substrate, there
are three molecular beams, namely Ga, Al, and As.

The sticking coefficient of group-III elements is generally
about one. Hence, the arsenic beam flux is usually greater
than the required quantity, because the sticking probability
>f As depends on the availability of unsaturated group-III
elements of Ga and Al. . Consequently, the Al composition in
the Gal—xAleS epitaxial layer is controlled by the ratio of
the flux of the Al molecular beam and to that of the Ga beam.
The III-III-III-V quaternary alloys, such as (AlGaln)As, have
only one group-V element, and the composition of the group-III
2lements can be controlled by the fluxes of the group-III
nolecular beams. On the other hand, III-III—V—V quaternary
11loys, such as InGaAsP, have mdre than one group-V element,
ind the compositional control is more difficult than that for
1 ITI-III-III-V quaternary alloy, because the sticking
yrobability of the group-V elements depends on the availability
>f unsaturated group-III elements as discussed above.
‘urthermore, the vapour pressure of the group-V elements is

yenerally higher than that of group-III elements.
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Hence, it is concluded that the growth of III-III-III-V
uateranry alloys is possible using MBE, and is easier than the
sual LPE method, because MBE is essentially a non-equilibrium

rowth process.

-5. Summary and conclusion

III-V quaternary semiconductor alloys are classified into
hree sets, namely III-III-III-V, III-III-V-V, and III-V-V-V.
P lattice matched to

AlXGal_X)yIn As and (Al Ga

1-y 1-x)yIm -y
uitable substrates (InP and GaAs, respectively) which belong
o the III-III-III-V solid solutions are expected to be used
aterials for opto-electronic devices operating in the infra-
ed (0.9-1.6um) and visible (<0.75um ) wavelength regions,
espectively.

Liquid phase epitaxy and molecular beam epitaxy are
onsidered as epitaxial growth techniques for these materials.
rom a calculation of the phase equilibria, it was shown that
t is difficult to produce these materials using the conventional
onventional LPE method because of the large segregation
oefficient of Al. On the other hand, MBE in which epitéxial
ayers are grown by impinging thermal Eeams of molecules upon

heated substrate, is shown to be the most suitable growth

echnique.
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" CHAPTER 8.
CRYSTAL GROWTH AND PHYSICAL PROPERTIES OF (Al Gaj ) In; As
LATTICE MATCHED TO InP SUBSTRATES GROWN BY MOLECULAR BEAM

EPITAXY.

. 8-1. Introducition.

IIT-III-III-V quaternary alloys are one of the most
promising materials for opto-electronic devices in the infra-
red and visible wavelength region. As discussed in the
previous chapter, MBE is a suitable growth technique for these
.materials.

In this chapter, the first reported preparation of
(AlXGal_X)yInl_yAs is described. Preparation was by the MBE

technique. (Aleal_X)yIn As is a III-III-III-V quaternary

-y
alloy and is a suitable material for the infra-red wave-
legth region. In Sec. 8-2, fundamentals of the MBE are
summarized. In Sec., 8-3 and Sec. 8-4, the epitaxial growth

and fundamental phy51cal.propertles of (AlXGal_X)yInl_yAs

lattice matched to an InP substrate are discussed.
8-2. Fundamentals of molecular beam epitaxy.
8§-2-1. What is molecular beam epitaxy ?
The essential components for a MBE system for Gay _ Al As

are illustrated in Fig. 8-1. However, implemetation which
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is discussed in Sec. 8-3, is more complex than this drawing
implies. Molecular beam epitaxy (MBE) is the epitaxial growth
technique on a heated single crystal substrate (GaAs in
Fig. 8-1) placed in an ultra-high vacuum (§10"9 torr ) through
the reaction of a number of different molecular beams (Ga, Al,
As, and dopants) of differing intensities. Each furnace
contains a crucible that holds one of the constituent elements
or compounds of the desired epitaxial film. The temperature
of each furnace is chosen to generate a molecular beam of the
appropriate intensity. By choosing appropriate furnace and
substrate temperatures,stoichiometric epitaxial films of the
desired chemical composition can be obtained. The beam flux
at the substrate is abruptly changed and stopped by individual
shutters placed between each furnace and the substrate.
When III-V compounds are grown, the epitaxial growth was carried
out in an excess group-V element flux, because a fortuitous
dependence of the sticking probability on unsaturated group-
III elements allows stoichiometric III-V compounds to be
obtained simply.

The strength of the MBE process lies mainly in its
unprecedental precision in controlling dopant‘concentration
and epitaxial thickness in layers as thin as a feﬁ tens of
angstroms, with an exceptional interface morphology and
uniformity of the epitaxial layer thickness that is easily
reproducible. Furthermore, as the MBE chamber is maintained
in an ultrahigh vacuum, instruments for various surface analysis
techhiques can be contained in the system.

MBE has various distinguishing features and advantages
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Fig. 8-1.

Molecular beam epitaxy. In molec-—
ular beam epitaxy, film growth
takes plase in ultrahigh vacuum.
Molecular beams with different
intensities and chemistries are
focused on a heated substrate.
The diagram shows the essential
components for molecular growth

Qf (GaAl)As.

Group III-V GaAs, GaP, GaSb, AlAs,

AlGaAs, GalInP, GaAsSh,

InAs, InP, InSb,
GaAsP

InGaAsP, AlGalInAs¥*, AlGalnP#**

Group IV Ge, Ge-Si, Si

Group II-VI CdSe, CdS, CdTe,

ZnS, IZnTe, ZInSeTe

Group IV-VI PbSe, PbS, PbTe,

PbGeTe, PbSeTe, PbSnSe,

PbGeTe, PbSeTe,

PbSnTe

Metal Al, Au, Ag

Table 8-1.

Semiconductors and metals grown by molecular beam epitaxy.

*) Preparation of AlGalnAs was first reported independently

by the author and the Cornell University group in Sept.,1981.

*) Preparation of AlGaInP was also reported in Sept., 1981.
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compared with LPE and VPE, and it is no over simplification to
say that these arise only from that fact that MBE take place
"in an ultrahigh vaccum environment.,

As many review papers (Luscher, 1977, 1980; Panish,
1980) have been published concerning MBE, further discussions
are omitted. Each of the various epitaxial growth techniques,
MBE, LPE, VPE, and MO-CVD, has advantages and disadvantages
in preparing epitaxial layers for specific devices and a
comparison of these techniques was summarized in Table 2-4.

It is worth emphasizing that MBE is a particularly
technique for the development of new materials, because the
epitaxial film can be easily formed by the impinging molecular

beams on the heated -substrate.

8—2—2. Device applications using molecular beam epitaxy.

Fabrication of a variety of microwave and opto-electronic
devices using MBE has been described in the literature with
increasing frequency over the past eight years. During this
period, steady improvement in materials and growth process:
has resulted in performance and fabrication yields that are.
the equivalent of or that exceed those of similar discrete
devices grown by other epitaxial growth techniques.

Several planar isolation processes unique to MBE have
been developed by scientists at Bell Lab. and employed in the
fabrication of both of the above device categories. These
techniques, along with selective ion implantations, promise
uniquemonolithic integration capability. In addition, the

precision of MBE has been applied to the development of

- 141 -



totally new materials and devices in both the microwave and
opto-electronic fields. These studies indicate a greate
potential for unique and significant commercial applications.

Specific examples of devices fabricated using MBE
illustrate the process's important capabilities. Table 8-1
lists most of the materials that have been grown by MBE.
Of the various materials that have been grown by MBE, GaAs
and (GaAl)As have been most extensively studied, and many
literautures have reported the preparation of DH laser diodes
and FETs with high electron mobility.

(GaAl)As/GaAs DH laser diodes have been studied at
Bell Lab. (Tsang, 1979), and this work has shown that MBE can
produce high quality (GaAl)As/GaAs heterostfuctures similar
to those prepared by LPE. FETs with high electron mobility,
termed HEMT (High Electron Mobility Transistor), have been
studied at Fujitsu Lab. In this device, electrons are
confined in a high-purity n-GaAs region by using a (GaAl)As/
GaAs heterastructure (Miura, 1980; Hiyamizu, 1980).
Their work has received wide attention Dbecause they have
shown that the precision of MBE in controlling epitaxial
thickness in layers enables the preparation of FET in which

quantum-mechanics-effect are utilized.
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8-3. Epitaxial growth of (Aleal-x)yInl—yAS on InP
substrates.
8-3-1. The molecular beam epitaxy system.

Figure 8-2 shows the MBE system used in this work.
Principle components of this MBE system are (1) the main
chamber, (2) the vacuum pumps (ion pump, Ti sublimation pump,
and sorption pump.), (3) the specimen-exchange vacuum load
lock, (4) the chemical analysis equipment (QMS and MEED),
and (5) the temperature control unit.

The main vacuum chamber, which is made of steel, is 50cm
in diameter and about 50cm tall and is always maintained at
10 2 torr by the 500 litter/sec ion pump. fhe chamber
contains the heated substrate holder and six effusion cells
for epitaxial growth, and the QMS and the MEED gun for
chemical analysis.

The substrate exchange load lock is an integral part of
this system, and it is not necessary to expose the main
chamber to atmospheric pressure when changing specimens.
Hence, for periods of weeks the main chamber remains unbroken.
When one of the effusion cells is empty (usually the arsenic
cell), it becomes necessary to expose the main chamber to
atmospheric pressure in order to load the constituent element
into the effusion cell.

In order to obtain high purity films, it is necessary to
reduce contamination from the effusion cell, etc.. The
effusion cells are made of pyrolytic BN and the heaters are

made of tantalum. Five of the effusion cells (the exception
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Fig. 8-2, The MBE system used in this work.
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being the arsenic cell) are surrounded by liquid-nitrogen-
cooled baffles to reduce the contamination from the heated

effusion cells.

8-3-2. The epitaxial growth process.

The flow chart for the epitaxial growth of (AlGaln)As
by MBE is shown in Fig. 8-3.

The substrates were (100) n'-InP wafers or (100) Fé-
doped semi-insulating InP wafers and the surface area was
usually SXSmm2

Before crystal growth of a required film, the substrate
was heated to about 30°C higher than the growth temperature,
and was simultaneously exposed to an arsenié beam for surface
cleanig. This technique is usual for the MBE process.

The intensities of each constituent element were
controlled by the effusion cell temperatures, and the
effusion cell temperatures were determined from the usual
vapour pressure curves. Figure 8-4 shows the temperatures
of each effusion cell and substrate at epitaxial growth.

The growth rate for (AlGalIn)As was about 0.7-1.0um/hr

for 0<x<0.5 and y=0}47.
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The epitaxial growth process.
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Chemical etching.
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load lock.
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liq. N2 flows to the baffles.
Substrate temperature 1is
about 450°C. (about 30°C higher

than the growth temperature).

All shutters needed for

crystal growth are opened.

Crystal growth is ended.
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8§-3-3. Crystal growth of (AlXGal_x)yInl_yAs.

Figure 8-5 shows typical X-ray diffraction curves of
(Aleal_X)yInl_yAs on InP substrates when Aa/a~n0.4% and
Aa/a<0.05% (very close lattice matched to InP). Epitaxial
layers with less than 0.1% lattice-mismatch were selected.
Their physical properties are evaluated in this section and
in Sec. 8-4.

The RHEED patterns of the (Aleal—x)O.47InO.53As
epitaxial layers indicated that the layers consisted of a
single crystal. Figure 8-6 shows a typical RHEED pattern
which was observed at Vac=50keV.

In many studies concerning the epitaxial growth of
(InGa)As on an InP substrate, poor surface morphologies were
observed (Kawamura, 1981)¢-. However, good surface
morphologies were obtained for (Aleal-x)O.47InO.SSAS on InP
in this work. Figure 8-7 shows a typical photograph of the
epitaxial layer placed on blue section paper. As the
surface is mirror-like, the epitaxial surface reflects
section lines. Figure 8-8 shows the surface morphology by
SEM at magnifications of 2x103 and lx104. In these photo-
graphs, the white parts are dust particles remaining on the

| 4

“epitaxial surface. Even at a magnification of 107, no

structual features can be observed.
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Fig. 8-6.

The RHEED pattern of (Al SGaO’S)O 4710y 53As
+

on a (100)
n -InP substrate (Vac=50keV).

FUJNCOLOR ca 81

Fi

(Al

\Ge]

. 8-7.

O.7Ga0'3)0_471n0.53As on an InP substrate, which is placed
on a blue section paper.
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The SEM inspection of (A10.7Gao.3)0.471n0.53As on an InP
substrate. The white parts are the dust remaining on the
epitaxial surfaces. No structual features can be observed

at a magnification of 104.
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8-4. Fundamental physical properties of (AlXGal_x)yInl_yAs,

lattice matched to InP substrates.

8-4-1. Energy band gap.

One of the primary physical properties is the composi-
tional dependence of the energy band gap. The energy band
'gaps were evaluated from the absorption edges.

The absorption coefficient was obtained from measurements of
the room temperature transmittance. As the energy band gap
of InP (1.35eV) is larger than that of (Aleal—x)O.47InO.53As
when x<0.75, the transmittance could be measured with

monochromatic light incident on the mirror-polished InP side.

Taking account of multiple reflection, the total

transmittance is given by

T = (l—Rl)(1-R2)(l—RS)eXp(—aldl—azdz) /
[{1—R1R2exp(-2aldl)}{1—R2R3exp(—2a2d2)
5
RlRS(l—RZ) exp(-Zuldl-Zazdz)], (8-1)

here Ry = {(n;-1)/(n;+1)}7%,
Rz = {(nl‘nz)/(nl"nz)}z,
Ry = ((n,-1)/(n,-1)37,

the absorption coefficient of InP,

%1

a, the absorption coefficient of the quaternary alloy,
n; o the refractive index of InP,

n, the refractive index of the quaternary alloy;

d1 ¢ the thickness of InP,

d, : the thickness of the quaternary alloy.
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If the photon energy is smaller than the energy band gap of

InP (1.35eV) and n, and n., have nearly the same values

2
(within 10%), Equation 8-1 reduces to

T = {(I‘Rl)(l"R3)exp(-u2d2)} /{l—Rleexp(—Zade)}. (8-2)

Assuming h1=3.337 and n2=3.54, the absorption coefficient
coefficient a, for (Aleal—x)O.47InO.53AS is calculated from
Eq. 8-2 and the transmittance T.

Figure 8-9 shows the square of the absorption
coefficients for several samples as a function of the

incident photon energy. As the relation

. 1/2
a = Ax‘(h\)'Eg) / ) o (8"3)

is satisfied, (Aleal—x)O.47IhO.53As has a direct energy band

gap as predicted invChap. 7. (The factor A* is (2.7-3.9)x

1O4cm-eV'1/2 for 0<x<0.5.) Hence the energy band gap could
be determined from the absorption edge. Figure 8-10 shows
the energy band gap variation with Al composition X. The

broken line in this figure is the expected energy band gap
(r point), which is the same as that shown in Fig. 7-4.
- Open circles are the experimentally observed values which
agree with the predicted values. Thus, it was demonstrated
that (AlXGal_x)0.47In0‘53As is a promising material for
opto-electronic devices operating in the infra-red wavelength
region.

Figure 8-11 shows the photoluminescence spectrum of
As at 77K excited by a 4880A Ar laser.

(Alg s82g 5)g.471m0. 53
The peak energy was 1.107eV, which coincided with the energy

- 153 -



‘A8xeus uojzoyd

JUOPTIOUI 9Yl JO u0oT3idUNy B sB sioAe] TeIXelTIde m<mm.oaHuw.oﬁx-ﬁmwxﬁ<v

TBI10A®S JO S3USIOTIIFo0d uotidiosge syl Fo axenbs ayg

*6-8 ‘314

oo X 0
Ped
P
L
S| m
—0l
)
3
_ RS

"
(o)

gOLX

154



| | |
~ 12 —
% Estimated y
= . //1>

%
%
w10 |- S
///O/

A -
e)) e
2ost < -
0 /s
- ol )
& -
-
w 0 y= 047 _

I R

0 01 02 03 04 05

Al composition X

Fig. 8-10.

The room temperature energy band gap variation with
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The photoluminescence spectrum of (Alo 5Gao 5)0 47In0 53As
at 77K excited by a 48807 Ar laser.
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pand gap obtained from the absorption edge measurements.

8-4-2. Electrical properties.

(Aleal—x)O.47In0.53AS is a promising material for the
infra-red wavelength region. However, the potential of this
material can not be realised unless p-type and n-type layers
can be prepared.

For the first stage, the electrical properties of the
undoped and Be doped layers were evaluated by van der Pauw
measurements at room temperature.

Table 8-2 summarizes the room temperature character-
istics. Using beryllium, the p-type layer can be easily
obtained with a free-carrier concentration of 2X1018cm-3.

Although the undoped layer exhibited high resistivity, the

undoped layer has n-type conduction and the room temperature

electron mobility is about 1200cm?v tsec L,
- 2.-1._ -1
Undpoed (n-type) p ~ 50 Qcm o uw = 1200 cmV “sec
18 073 = 22 en?vilsec?

Be-doped (p-type) p = 2x107 "cm

Table 8-2.

Electrical properties at room temperature (x=0.1, y=0.47).

- 157 -



8-5. Summary and conclusion

l—yAS can be lattice matched to InP for

y=0.47, and is one of the promising materials for opto-

(Aleal—x)yIn

electronic devices in the infra-red wavelength region as
discussed in Chap. 7.

In this chapter the epitaxial growth of
(Aleal—x)O.47ln0.53AS (0<x<0.7) on InP substrates using
molecular beam epitaxy is described. The films consisted
of single crystal and exhibited good surface morphologies.
The energy band gaps of the epitaxial layers were determined
from the absorption edge. The relation between the absorp-
tion coefficient and the incident photon energy satisfied

1/2, and these films have a direct energy band

a=A*(hv—Eg)
gap as predicted in Chan. 7. The undoped films with x=0.1
showed n-type conduction and possessed a room temperature
electron mobility of lZOOcmZV_lsecal. Using beryllium, p-
type films could be obtained. These results showed, as ex-

pected, that (AlXGa )0.47In0.53As is a promising III-V

1-x
material for the infra-red wavelength region.

This work was the first preparation in the world of
(Alealgx)yIni_yAs on InP substrates. Hence, more detailed
work concerning the electrical properties required in order
to fabricate opto-electronic devices.

MBE has a good precision in controlling the epitaxial
thickness in layers as its primary distinguishing feature.

MBE 1s a suitable epitaxial growth technique for opto-

electronic device fabrications, because these devices require
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very thin (1000—2000A) epitaxial layers.

Previously, MBE for III-V semiconductor alloys was
mainly utilized for device preparation. However, this work
has demonstrated that MBE can equally used for the production
of unkown materials which can not be easily prepared by LPE.
It 1s particularly significant that this work has shown that

MBE 1is a useful technique for material development.
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PART IV

DEVELOPMENT OF HIGH CONVERSION EFFICIENCY

GaAs BASED SOLAR CELLS

Chapter 9. Current status of solar cell research and
development.
Chapter 10. Development of high conversion efficiency

(GaAl)As/GaAs heterostructure solar cells.

Chapter 11. Development of monolithic series-connected

multi-junction GaAs solar cell array.



 CHAPTER 9.
CURRENT STATUS OF SOLAR CELL RESEARCH AND DEVELOPMENT.

9-1. Introduction.

In this chapter, the requirements for solar cell R§D
are discussed first. The current status of RED of GaAs based
solar cells, which are discussed in chapeters 10 ana 11, 1is
also described. Finally, techniques for evaluating solar €&
- cells are briefly summarized.

9-2. Utilization of solar energy.

~Necessity for solar cell development.

- Looking back over the history of human prosperity, there
has been a spectacular increase of energy requirements with
the progress of civilization. In particular, steam-power
generation has produced the industrial progress of this century.
However, as is well known that the o0il crisis has cast a shadow
over industrial prosperity. Although industrial prosperity‘
does not provide everything for humankind, if is no exaggeration
to say, that it supports culture, civilization, and human wel
welfare. Thus, it is essential for man to develop alternative
energy source to replace petroleum, As there are few natural
resource in Japan, the’development of alternative sources is
one of the most important Japanese requirements.

The electric power generation system using nuclear reactors

is one of such alternative energy source, and some nuclear
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?power stations have been built in Japan, and in many other
jcountries. Though the safety of nuclear power stations has
been established, the enyironmental damage caused by, for
 example warm cooling-water, has'not been overcome, It is
~necessary to develop and to demonstrate the completely 'safe'
 nuc1ear power generation system.

However, it 1s also necessary to develop an essentially

'safe and clean' energy source. One possible 'safe and clean’
energy source 1s the energy produced by the sun. The energy
from the sun is inexhaustible unlike peteroleun. A conversion

ksystem from solar'(lightj enérgy to electricity is required,
’since solar energy is essentially the sum of constituent
photon energies while the most convenient form of energy'is
electrical energy.

There are two normal conversion methods,

(1) The thermal conversion system;

(Light — Thermal energy —Electricity),

(2) The solar cell system;’(1ight—~*E1ectricity).
The first system generates electricity using the conventional
steam turbine engine, while the steam is thermally generated
using solar energy. A JOSkW pilot plant in which this thermal
conversion system is used was completed and tested in Niho-cho,
Kagawa-prefecture, in 1981. The second system converts solar
power directly intovelectricity using the so-called solar cells.
The solar cell is a light-electricity converter which uses
the photovoltaic'effect in a semiconductor p-n junction.

Although the so-called energy crisis could not fully solved

by the development of solar cell systems, it is generally
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considered that solar cells witha high conversion efficiency
are required as an additional .alternative energy source

to petroleum,.

electrical energy.

The solar irradiance in terms of the number of photons is
shown in Fig. 9-1. The spectrum outside the earth's atmbsphere
and . at the earth's surface is different. The degree
to which the atmosphere affects the sunlight received at the
surface is defined quantitatively by the 'air mass - AM',
Thechnically, the air mass(AM) is equal to the secant of‘the
angle of the sunrto the zenith, measured at sea level, or in w
other words the pathlength that a ray of sunlight must traverse
compared to the shortest path it could take. The air mass
zero (AMO) means the spectrum outside the earth's atmosphere
which has a total incident power integrated over all wave-
length of about 135-140mW~cm-2 at the earth's mean distance
from the sun. The AM1 spectrum represents the sun light at
the earth's surface for optimum weather conditions with the
sun at the zenith, leading to a total incident power of
slightly over lOOﬁW~cm“2. The major differences between the
sunlight in space and the light received at the earth's
surface are in the ultraviolet and infra-red content. Ultra-
violet light is filtered out by ozone in the upper layers of
the atmosphere, and infra-red is removed from the‘spectrum by
water vapour and COZ' ~Aerosol particles scatter 1ighf of

short wavelength more than that of long wavelength.
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Materials with large band gaps yield higher open circuit
‘Qoltages,but they also produce lower photo-currents because |
;fhe sunlight at low energies (long wavelength) is not absorbed.
On the other hand, materials with small band gaps yield lower
open circuit voltages but higher photo—currents; Consequently
there exists an optimum band gap for solar cells. Loferski
(1956), by making éimple assumptions, made the first estimations
of ﬁhe conversion efficiency of solar cells as a function of the
energy band gap. Figure 9-2 shows his theoretically estimated
conversion efficiencies as a function of band gap. As seen
from this figure, silicon is not the optimum material and
higher efficiencies can be expected in other materials such as
GaAs, CdTe, InP,and SO on. However, in practise the only solar
celis with over 20% efficiency are GaAs based solar cells as

discussed in the following sections.

9-3. Research and development of solar cells.

The electric power generation system using solar cells
consists of solar cells which -generate the electricity,
electric storage batteries, and D-A converters in order to
connect the system to the commercial supply lines. The perform-
ance 'of a photo-generated power system is mostly dependent on
the solar cell performance and many researchers are involved
with solar cell research and development (R§D). This R&D

activity divides into two groups,
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(1) R&D of high conversion efficiency solar cell,

(2) RED of low cost solar cell (0.5 —1$/pw*).
Although these two RGD terms are in practise contrary to each
other, it is nevertheless one of the most important objectives
to obtain low cost solar cells possessing a high conversion
efficiency. RGD of large area solar cells is, of course, one
of the most major subjects for practical applications.

In this section, recent progress of Si and compound semi-
conductor solar cells is summarized. The current situation of
GaAs based solar cells is discussed in the following section.
Details of solar cell RED and photo-generated power systems
have been reviewed in the 1iteréture (Takahashi, 1980; Hovel,

1975a).

9-3-1.- -Si solar cells.
Although many tybes of Si solar cells (Si p-n, MIS

Sn0,/Si heterostructure, etc.) have been developed over the last

ten years, the successful technologies are restricted to CZ
single crystalline, ribbon crystalline, and casting poly-
crystalline Si. The conversion efficiencies obtained with
these Si solar cells vary from 8% to 14% depending dn the
technology. However, these Si technologies are the strongest
candidates for the photo-generated power system, because the

cell area is very large, 2-5 inch in diameter, compared with

%) pW' means ' peak watts'. The DOE goal is 0.5§/pW by

1985 for large area single crystalline silicon solar cells.
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other solar cells such as amorphous Si and cqmpound semi-
conductor solar cells; ¥

As an alternative to single or poly crystalline materials,
amorphous silicon (a-Si) has become very atfractive over the
last two or three years. a-Si solar cells can be fabricated
much more cheaply than the other Si solar cells; because the
fabrication process is simple and a-Si can be deposited on any
substrate.**‘ R&D of the above single and poly crystalline Si
solar cells is mainly carried forward in foreign countries such
as in U. S. A. In contrast R&D of a-Si solar cells is
vigorously pursued in Japan. The reported conversion effi-
ciencies of a-Si solar cells are 6.5-7% for small area device
and 5-6% for large area devices (5x5cm2 or IOXlOcmZ). The
future of the a-Si solar cell, if it survives as a solar cell
material for large scale photo—generated power systems, depends
on fufther studies, including the elucidation of its physical

properties, such as the localized state density in the

forbidden gap.

*) Recent progress of sigle and poly cryatalline Si solar
cells is reviewed by Matsuzawa (1981) and Saitoh (1981).

#%) Recent progress of a-Si solar cells is reviewed by
Hamakawa (1981). Konagai (1981) feviewed amorphous

materials in general.
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9-3-2. Compound semiconductor solar cells.

The theoretical conversion efficiency depends fundamentally
on the energy band gap of the material; and silicon is not
the optimum material for solar cells as is shown in Fig. 9-1.
The higher conversion efficienciég. zre expected with materials
such as CuZS, InP, CdTe, and the subject of this thesis—GaAs.
Table 9-1 lists the recent progress with compound semiconductor
solar cells. If GaAs based solar cells are excluded ffom this
Table, one can see that there is currently no material which
can compete with Si solar cells, althdugh various materials
have been tried. The performance of GaAs based solar cells
is partially summalized in this Table: Table 9-2 gives more
detailed informations regarding the progress of GaAs based

solar cells.

9-4, Status of GaAs based solar cells.

GaAs is the only material which currently exhibites a high
conversion efficiency of over 20% as indicated in Sec. 9-2.

The excellent performance and a Bfief history of GaAs based
solar cellsiare summarized in this section.

Firstly, it is important to clarify the distinctive
features of GaAs solar cells compared with Si solar cells,
which are as follows:

(a) High conversion efficiency.
(b) Potentiality for.producing thin film solar cells.

The absorption coefficient of Si is low because Si
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Device Voc Isc

7 Hlumina-

Type area tion Year
mm?  volts mAcm~2 % mWcem-2
(GaAl)As/GaAs S 10 0.976 27.8 0.76 21.9 AM1 (1978) IBM
ppn S —  0.980 29.7 0.8 17.2 AMO (1976) Hughes
S 100 0.96 30.3 0.803 17.2 AMO (1978) Rockwell
S 5.3 — — 0.74 19.9 541suns (1980) Varian
— — 0.65 17.6 1094suns
S 6 0.987 22.9 0.83 24.7 76 (1979) Tokyo Inst. Tech.
S 25 1.006 21.9 0.84 21.6 85 (1979) Mitsubishi
GaAs n*/p/p* S 49 0.99 245 0.82 20 AM1  (1978) MIT
GaAs MIS S - - — — 17 — (1977) JPL
P 900 0.5 18 0.675 6.1 AM1 (1979) Southern Methodist Univ.
Gadls (monollhi), S 22 3.96 183 0.62513.9 82 (1980) Varian
Gﬁﬁ@%ﬂﬁgls 20 430 121 0.74 10.6 73  (1980) Tokyo Inst. Tech.
IaP nt/p/p* S 9.3 0.779 26.5 0.72 14.8 AM1 (1980) MIT
nCdS/nlaP/plnP S — 0.64 18 0.73 10.4 81.1 (1980) Chiba Univ.
nCdS/pInP/ninP S 3.6 072 23.2 0.63 1.9 94 (1978) Rockwell
ITO/InP S — 0.69 23.4 0.65 12.4 85 (1978) Rockwell
AufnlnP MIS S 6.3 0.46 17.2 0.76 6.01 AMIL (1980) Rensselaer Polytech. Inst.
Al/pInP MIS S — 0.78 18.9 — 14.0 AM2- (1980) Tokyo Inst. Politech.
nCdS/plnP P — 046 135 0.68 57 AM2 (1977) Bell Lab.
InGaAsP/IaP ) S — 0.52 18.8 0.612 8.7 69 (1980) Nagoya Inst. Tech.
CdS/CuzS P 834 0.516 21.8 0.71 9.15 83 (1978) Univ. Delaware
CdS/Cu-S P 90 0.46 14.4 0.67 8.9 50 (1980) Matsushita
CdS/CdTe P 100 0.75 14.0 0.58 8.7 70 (1978) Matsushita
CdS/CdTe P 18 _0.68 127 0.38 4.7 71 (1980) Matsushita
Cu/CuBr/Cu0 P 65 0.37 8.3 — 1.76 AM1 (1980) Joint Center for Graduate Study
Mg/ZnsP- S 0.250.50 19.0 0.64 6.08 AM1 (1978) Inst. Energy Conversion
Mg/ZnsP2 P 0.250.385 18.4 0.47 4.0 AM1 (1978) Inst. Energy Conversion
Al/pWSe: S - 0.51 11,0 0.62 4.2 83 (1978) Univ. Constance Fachbereich
Pt/InSe S - 0.56 13.3 0.61 5.7 80 (1979) Univ. Valencia
Ino.2Ses.s/Sn0q A — — — — 2.8 — (1980) Univ. Osaka Pref.
CufpCuGaSes S — 041 165 — 4  — (980 .net Venerolano de lovest.
CulnSez/CdS P 120 0.49 25 0.54 6.6 100 (1978) SERI
CulnSez/CdS P 20 0.45 22 0.51 51 AM1 (1980) Brown Univ.
Culne.aGaa.7Se1.2Teo.s/CdS
S 20 0.65 29 0.69 13 AM1  (1980) Brown Univ.
Culne.3Gao.75e1.2Tea.s/ITO '
S 10 072 31 0.55 12.3 AM1 (1980) Brown Univ,
p*Gao.7Als.3AsSb/p-nGas.9Ale.1Sb/nGaSh
s 25 8252 0 IDLAN etk
(CH):/aSi O 385055 182 0.32 4.3 72 (1980) Tokyo Ianst. Tech.
S: single crystal P: polyerystal A: amorphous O : organic semiconductor

Table 9-1.

Compound semiconductor solar cell performances.
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c)

has an indirect energy band gap. Hence, Si thickness of
more than QOOﬁm is required for adequete solar absorption.
On the other hand, a GaAs film of only several microns
provides sufficient solar absorption as GaAs a direct
energy band gap. Figure 9-3 shows the conversion effi-
ciencies for various materials as a funciton of thickness.
Potentiality for operation under high sunlight concentration
conditions.

As the energy band gap of GaAs is 1.43eV, which is
larger than that for Si (1.1eV), the decrease in the con-

version efficiency is small at an gperating temperature of

200-300°C. Consequently, GaAs solar cells can be operated

under high sunlight concentration conditions ( such as

1000suns).

d) Tolerance of exposure to radiant rays.

e)

As GaAs has a short carrier life time and the active
region of GaAs solar cells is thin because of the direct
energy band gap (see (b) above), GaAs solar cells can be
operated under radiant ray irradiation. Consequently,
it is expected that GaAs based solar cells will be used
in space,

Potentiality for a higher conversion efficiency with
a wider spectral response. |

Although the spectral response of solar cells is
determined by the energy band gap of the material, this
spectral region can be widened by two or more p-n junctions
of different energy band gaps using the heterostructure,
and also a higher conversion efficiency in excess of 30%

is expected with such structures.
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The first reported GaAs solar cell was a Cd ovan diffused
p-n homojunction device (Jenny, 1956; Gobat, 1962).
However, thevconversion efficiencies of these devices were only
6-11% because of the large surface recombination velocity at
the front surface of p-GaAs (106-107cm sec_l). The first device
with over 20% efficiency was reported by Woodall and Hovel
(1972). Figure 9-4 shows the device structure, which consists
of a GaAs p-n structure with a heteroface of p-Gal_xAles
(x>0.8). This heteroface is transparent to much of the
solar spectrum and provides a low suface recombination velocity
at front surface of the p-GaAs. Since this report,work on
(GaAl)As/GaAs solar cells has been reported by Rockwell, Hughes,
and Varian in the U. S. A. and by the author and Mitsubishi
in Japan, ana high conversion efficiencies in excess of 20%
were obtained as listed in Table 9-2. Recently, GaAs sclar
cells have been fabricated by MO-CVD.

As the cost of a GaAs wafer is very expensive (about ten
times more expensive than a Si wafer), operation under sunlight
concentration conditions can lead to greater cost reduction
in GaAs solar power systems than in Si systems. James (1975)>
first reported the performance under concentration conditions
(735suns) . RED of (GaAl)As/GaAs solar cells has been directéd
towards the development of concentrator type solar cells, and
many Treports have been produced as listed in Table 9-2,

n+/p/p+ GaAs homojunction solar cells have been extensively
studied at MIT (Fan, 1978a-b, 1979a-b, Bozler, 1979) and at
JPL (Stirn, 1981), and both institutes reported a high conversion

efficiencies up to 20%. Furthermore, Fan (1980) reported
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these homojunction solar cells have a higher resistance to
1-MeV electron radiation than the usual (GaAl)As/GaAs solar
cells.

MIS structure solar cells have been ektensively studied,
since the fabrication process for MIS solar cells is easier
than that for the junction type solar cells (Stirn , 1975a-b,
1976, 1977a-b; Yeh, 1978). They reported an efficiency of
12-17% using single crystal GaAs wafers. However, the poly-
crystalline GaAs MIS solar cells have an efficiency of only
6-6.5% as reported by many workers (Chu S.S;, 1978a-c; Dapkus,
1978; Russel, 1978). The poly crystalline GaAs MIS solar cells
can not be used for photo-generated power systems, unless the
leakage at the grain boundary can be ovércome and a low cost
nanufacturing process established;

The most promising process for the reduction of low cost
GaAs solar cells is PFT establised by Konagai (1976b-c, 1978)

and CLEFT established by Fan (1981).

Since the solar cells obtained by these processes are single

crystal and very thin CS'ZOﬂm), high conversion efficiencies

of over 20% can be expected.

Results reported are 18.7% for a (GaAl)As/GaAs heterostructure

solar cell by PFT (Sugimoto, 1979), and 15% for a n+/p homo -

junction solar cell by CLEFT (Fan, 1981); respectively.
Therefore, it could be concluded, that research on GaAs

vased solar cells is going to be directed towards;

(1) The development of higher conversion efficiencies under

high concentrating conditions (greater than 1000suns),

(2) The development of a large area device greater than
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2x2cm2 or 1 inch diam. cell,
(3) an understanding of the damage caused by electron and proton

irradiation, and
(4) The development of a low cost fabrication process with

high conversion efficiency such as PFT or CLEFT.
Furthermore, it is also necessary to develop the solar cells
with a large output voltage and Small. current. These
devices are required, not only for consumer photo-cells, but
also for concentrator solar cells. The monolithic series-
connected multi-junction solar cell arrays satisfy this

requirements.
9-5. Evaluation of solar cell performance.
The performance of a solar cell is fundamentally assessed

by the energy conversion efficiency and the spectral response.

Energy conversion efficiency.

Figure 9-5 shows the I-V curve for a solar cell under
illumination. The energy conversion efficiency is evaluated

as follows:

V.o x I
Conversion efficiency = n mn x 100 (%),
: p
Atota11<iin
..Vm‘x Im
Active conversion = - x 100 (%),
A

. . . x P.
efficiency active in

where Vo Im ; the output voltage and the output current density

at maximum power,

- 177 -



; the incident power density,

in
A ; the cell area including the electrodes, etc.
total” .
whose are exhibites zero photovoltaic effect
at the cell surface,
A ; the cell area excluding the electrodes.

active

The £111 factor F.F. is defined as

F.F. = (V. xI)/(V _x1_),

C sc
xvhere ISC, ; the short circuit current density,
Vot ; the open circuit voltage.

As discussed in Sec. 9-1, the incident 1light has various
spectral distributions depending on the air mass value.
The air mass value during measurement must be stated. In this
vork, the cell performance were measured using a solar simulator,

and the incident power density was calibrated by thermopile.

Consequently, the cell performance is evaluated using.

the following values.

+ K%C maxium output .

_____________________ //power point
™~ :
M i
- i
o ]
g |
3 i
(&) i
E

VM\‘g :bc
Volitage

Fig. 9-6.

Voltage and current output from an illuminated solar cell.



(1) Open circuit voltage : VOC (V)

(2) Short circuit current I, (mA-cm—Z)

(3) Fill factor : FF

(4) Conversion efficiency Do (%)

(5) Input power PP (mW'cm_Z)

(6) Measurement condition : Light source,
Air mass value.

Spectral response

The spectral response is evaluated by the collection
efficiency. The collection efficieﬁcy at a given wave-
length is defined as the ratio of thewnumber of electrons
flowing in the external circuit, to the number of incident

photons under short circuit conditions.

9-6. Summary.

A solar power system using solar cells should be developed
as an alternative energy source tovpetfoleum. Although
various types of solar cell have been investigated and
developed, the GaAs based solar cells is the only device with
a high conversion efficiency of over 20%.

It is shown that the performance of solar cells can be
evaluated using the conversion efficiency and the spectral

response.
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CHAPTER 10.
DEVELOPMENT OF HIGH CONVERSION EFFICIENCY (GaAl)As/GaAs

HETEROSTRUCTURE SOLAR CELLS.

10-1. Introduction.

In this chapter, the conventional (GaAl)As/GaAs p-p-n
solar cells using Be as a p-type dopant and (GaAl)As/(GaAl)As
p-p-n solar cells, in which the active region were formed by

Ga

1_yAlyAs (0 £y £0.4), were fabricated and tested.

The fundamental device structure and the fabrication process
are described in sections 10-2 and 10-3. The performancerf
Be doped fGaAl)As/GaAs p-p-n solar cells is discussed in
Sec. 10-4, and it is shown that Be doped devices exhibit
high performances with and without sunlight concentration.

As discussed in Chap. 9, the conversion efficiency of
single junction solar cells is about 25% at best. In studies of
methods for obtaining higher converéign efficiencies than’ the
usual single junction solar cells, it had been predicted
that the (GaAl)As/GaAs based monolithiccascade solar cell, in

which two or more junctions of different energy band gaps are

%
connected perpendicularly to the substrate surface, should

*) N.B., in the monolithic series connected solar cell array
discussed in Chap. 11, several solar cells are series-

connected planarly on the substrate.
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k%
possess a conversion efficiency of over 30%. In this

cascade solar cell, the top cell consists of Gal_yAlyAs
ternary alloys . In Sec. 10-6, the performance of
(GaAl)As/(GaAl)As p-p-n solar cells, which may be used as the

top cell of a monolithic cascade solar cell, is discussed.

10-2. Device structure of (GaAl)As/GaAs p-p-n solar cells.

The (GaAl)As/GaAs p-p-n solar cell consists of a GaAs p-n

structure with a heteroface of p-Ga XAlXAs (x>0.8). This

1-
solar cell is called the heteroface solar cell. he structure
and corresponding energy band diagram is shown in Fig. 10-1.
Photons impinge from the left and the wide band gap semiconductor
acts as a window that admits photons of energy less than its

band gap Egl' Those photons with an energy between Egl and

Eg2 (the band gap of the smaller band gap material, GaAs)

create carriers in the GaAs p-n homojunction. If the

absorption coefficient is relatively high in the lower gap

material, as in GaAs, the carriers are generated within the
junction transition region, or close to it. Consequently,
*%) Various theoretical analyses of cascade solar cells

were reported in the Proc. 14th IEEE Photovoltaic

Specialists Conference (1980).
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(a) structure
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Fig. 10-1.
p-Ga, XAles/p—GaAs/n—GaAs heteroface solar cell (x>0.8).

(a) structure, and (b) energy band diagram.
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the collection efficiency is quiﬁe high. The reason for the
GaAlAs-GaAs heteroface cell improvement over the GaAs homo-
junction cell is that the heterojunction-interface recombination
velocity (<103cm s-l) is less than the surface recombination
velocity for GaAs (106—107cm-5—1) (Ettenberg, 1976).

The barrier AEC in the p-Ga AlXAs/p—GaAs/n-GaAs structure

1-x
shown in Fig. 10-1, does not impede the flow of carriers.
Therefore, the I-V characteristic of the cell is essentially
that of the p-n homojunction with Ve and Isc’ depending upon
the number of photons collected by the homojunction.

Hence, the (GaAl)As/GaAs p-p-n solar cell should possess a
conversion efficiency of the ideal p-n GaAs homojunction solar
cell. Furthermore, high converison efficiencies of over 20%

have been reported by many authors as described in the previous

chépter.

For the (GaAl)As/(GaAl)As p-p-n solar cells discussed in

Sec. 10-6, a GaAs p-n structure as shown in Fig. 10-1 (the
region with energy band gap Egz), was formed by a Gal_yAlyAs
p-n structure. The energy band gap of Gal_yAlyAs increases
from 1.43eV to 1.92eV with increasing Al composition 'y' from
0 to 0.4. Since the simple theoretical calculation predicted
that the optimum band gap of the top cell in a (GaAl)As/GaAs
based two-junction cascade solar cell should be 1.6-1.7eV

(see footnote in Sec. 10-1.), the device characteristics of
(GaAl)As/(GaAl)As p-p-n solar cells were investigated for

Al compositions of 0 <y <0.4. These investigations are

described in Sec. 10-6.
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0-3. Fabrication of (GaAl)As/GaAs p-p-n solar cells.

The GaAs based solar cells discussed in this chapter were
abricated on GaAs substrates., Each layer was grown by the
PE method. The LPE growth conditions and the fabrication

rocess of solar cells are discussed in this section.

0-3-1. Crystal growth.

The p-Ga XAlXAs/p~GaAs/n—GaAs heterostructure was formed

1_
n a (100) n'-GaAs substrate by growing Sn doped n-GaAs and Be

oped p-Ga XAlXAs at about 750°C. Beryllium was diffused

1_
nto the n-GaAs epitaxial layer during the growing process of
—Gal_XAlXAs to produce a GaAs p-n structure. The Al
omposition of the surface layer was fixed between 0.8 and 0.9.
sing the results shown in Fig. 3—3, the Sn concentration

n the growth melt was determined to be (2~3)x1017cm~3.

he Be concentration in the growth melt was about 0.04at%.

he thickness of the p-GaAs which was formed by Be diffusion

as about 1.5-2.0 ym, which is the optimum thickness for

he production of a high photocurrent, when the electron

iffusion length is about 4-5um .,

Table 10-3 summarizes the detailed growth conditions.
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10-3-2. Fabrication process.

Figure 10-2 shows the fabrication process of the solar
cells. For each process the usual photolithographic technique
was used.

A Ag+Zn (10:1) front grid contact was formed on the
p-GaAs, not on the p-(GaAl)As, because the ohmic contact
resistance for p—Gal_xAles (x>0.8) is higher than that for
GaAs, and also because the adherence of ohmic contact metals
to GaAs 1is better than the that to (GaAl)As. For a concentrator
cell, the front grid contact was formed as a comb pattern.

The width of each grid was 10 uym or 20 um, and the width of

the bus line was 100 um . The obscuration was less than 10%.

In process (4) in Fig. 10-2, the front grid pattern was coated
with a thick layer of gold (1-3 um), by an electroplating
technique, in order to reduce the grid strip resistance for the
concentrator solar cells. Finaliy, Sb203 was vacuum-evaporated
as an AR (anti-reflection) coating to reduce reflection loss.

The refractive index of Sb,0, is 1.94-1.97 and the reflection

273

at 630nm (SbZOS, 800A) is less than 1%. Hence, the Sb203
AR coating could be considered as the most suitable for a one.
layer coating. The cell area of- the concentrator cell was either

ZXSmmz'or 4x3mm2
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/[———Ag+Zn (10:1)

(1) A |7 “— p-(GaAl)As
~———p-GaAs

a— n-Gals

Formation of front contacs.

(2) |72/ |77
Au+Ge (10:1)
OSSN NNNNNY or Au+Ge+Ni
(10:1:0.5)
Formation of n-contact.
(3) Anealing (450°C, 5min, N, ambient)

2

’//——Au
(4 2—B

AMATNTRTRNRh RN,

Formation of thick gold (1-3um) on the
front grid pattern.
(for the concentrator cell)

(5) . g E e Sh 203

OOOONONN N NNNNNN

Anti-reflection coating.

Fig. 10-2.

Fabrication process of the (GaAl)As/GaAs p-p-n solar cell.
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10-4., Device performance of conventional p-(GaAl)As/p-GaAs/

n-GaAs solar cells using beryllium as a p-type dopant.

As pointed out in Chap. 6, the acceptor energy level for
Be in GaO.ZAIO.BAS is smaller than that for In. Hence a higher
perfofmance under solar concentrétion conditions is expected
from Be doped solar cells than from Zn or the other dopant
doped solar cells. In this section, the cell characteristics

of Be doped conventional (GaAl)As/GaAs solar cells are discussed.

10-4-1. Energy conversion efficiency,

Figure 10-3 shows the I-V characteristics of Zn doped and
Be dopea (GaAl)As/GaAs p-p-n solar cells under AM1 solar
simulator insolation (1OOchm—2). The conversion efficiency
is 21.1% for thevBe doped solar cell. vThis ef%iciency is
comparable to that previously reported for this type of solar
cell (see Table 9-2.). The characteristics of Be doped solar
cells compared with Zn doped solar cells ére summarized in
Table 10-2. In this Table, the diode quality factor 'n' was
obtained from the slope of the dark I-V curve at room
temperature. The diode quality factor n is about 1.3-1.5 for
Be doped solar cells. The‘ adeqﬁate £ill factor of 0.83 to
0.87 for these devices may be due to the low diode quality

factor.
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10-4-2. Device performance under solar concentration
conditions.

One of the Be doped (GaAl)As/GaAs solar cells was placed
in the concentrator assembly and tested under terfestrial
sunlight concentration conditions. The device, which was
placed on a 1mm thick Cu plate, was cooled by water flowing
beneath the Cu plate.

The photovoltaic characteristics (VOC, FF, and n) and
cell temperature as a function of the concentration ratio are
shown in Fig. 10-4. Detailed characteristics are summarized
in Table 10-3. The concentration ratio C is assumed to be the
ratio of the short circuit current under solar concentration
to that without concentration. The cell temperatures were
estimated from VOC—ISC plots superimposed on the dark I-V
curves for various temperatures (Charan, 1979). This cell
has a peak efficiency at a concentration ratio of about 100
and the efficiency decreases for higher concentrations
due to the decrease in F.F. The highest output power of

Ir "2 . - . .
about 5:-Wcm , and the corresponding conversion efficiency

of about 15% were obtained at 400 suns .
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Fig. 10-4.

The photovoltaic characteristics under solar
concentration conditions as a function of the

concentration ratio.
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10-5. Device performance of p-Ga _xAlXAs/p—Ga AlyAs/

1 1-y
n—Gal_yAlyAs (x>0.8, 05y <0.4) solar cells.

In this section, the characteristics of (GaAl)As/(GaAl)As
p-p-n solar cells in which the active region was formed by

Gal_yAlyAs (0<y<0.4), are discussed, These devices were

+ : . .
formed on n -GaAs substrates and fabricated in the same manner as

that described in Sec. 10-3.

Before discussing the performance of this type of solar

cell, it is noted that the thickness of p-Ga AlyAs, formed

1-y
by Be diffusion during the LPE growth of p—Gal_xAltAs,(x> 0.8),
was not optimum for the production of the highest photo-

current except in the case y =0. The thickness of the

p-Ga AlyAs region increases with increasing Al composition

L-y
'y', because these devices were formed under the same growth

conditions. Hence, the devices discussed in this section

have various p-Ga ,AlyAs thicknesses depending on the Al

1-y

composifion 'y', and the p-Ga AlyAs thickness is given>in

l-y
Fig. 4-9. An AR coating was not deposited in order to

provide easier device inter-comparison.

Figure 10-5 shows the open circuit voltage as a function

of Al composition 'y'. The error bars relate to data from
4 to 6 samples. VOC increases with increasing 'y', because
of the increase in the energy band gap. Here, the voltage

ratio VR(y) is defined as

r
VR(y) = VOC(Y)/Eg(Y) . (10-1)
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(y) slightly decreases from 0.70 to 0.68 with increasing 'y'
om 0 to 0.4. The increase in the energy band gap is suf-
cient to explain the increase in Voc' The slight decrease
" VR(y) with increasing 'y' may be due to the drastic decrease
' ISC as shown in Fig. 10-6. The solid curve in Fig. 10-6
presents theoretically calculated values* using the experi-

ntally observed thickness of p-Ga AlyAs, which is given in

1-y
g. 4-9. These theoretical values agree with the observed Iscf*
pointed out in this section, the thickness of p-Gal_yAlyAS
s not optimized to produce the highest short circuit current.
e broken curve in this figure represents the theoretically

timized values for the thickness of p-Ga AlyAs.

1-y
e optimized thickness has little compositional dependence, and
1.5-2um, depending on the electron diffusion length in the

Ga AlyAs region.

1-y
Figure 10-7 shows the energy conversion efficiency as a
nction of 'y'. . The conversion efficiency decreases rapidly
th increasing 'y' due to the drastic derease of ISC with
creasing 'y'. The solid curve and the broken curve represent
eoretically calculated values without and with optimization

r the thickness of p-Ga AlyAs as in Fig; 10-6.

1-y

) See Appendix B.
) The reflection loss effect at the front surface of p-(GaAl)As

was included in the numerical calculations.
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The agreement between the observed and the theoretically

calculated values (using the observed thickness of p—Gal_yAlyAs)

indicates that the device performance, if the thickness of the
active region was optimized, can be predicted by the broken

curves in figures 10-6 and 10-7.

The results in this section could be utilized for the

design and preparation of (GaAl)As/GaAs based monolithic

cascade solar cells.
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The open circuit voltage of the (GaAl)As/(GaAl)As p-p-n solar
cells as a function of Al composition 'y', measured using
AM1 solar simulator. Each error bar contains the data of

several samples.
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contains the data of several samples.The solid and broken curves

are theoretically calculated (see text).
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contains the data of several samples.The solid and broken curves

are theoretically calculated values (see text).
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10- 6. Summary and conclusion

As shown in Chap. 6, beryllium is a suitable p-type
dopant for (GaAl)GaAs solar cells. In this chapter, Be
doped (GaAl)As/GaAs p-p-n solar cell performance was discussed.
The Be doped solar cells exhibited high conversion efficiencies
of over 20%, as predicted from the large electron diffusion
length, which was described in Chap. 6. When placed in a
concentrator assembly, the device produced an output power
of SWe-em 2 at 400 suns .

Finally, the (GaAl)As/(GaAl)As p-p-n solar cells, in
which the active region was formed by Gal_yAlyAs p-n structure,
were fabricated and tested. It was demonstrated that these

devices could be used as the top cell of (GaAl)As/GaAs based

cascade solar cells,.
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CHAPTER 11.
DEVELOPMENT OF MONOLITHIC SERIES-CONNECTED MULTI-JUNCTION
GaAs SOLAR CELL ARRAYS.

11-1. Introduction.

As discussed in the previous chapters, the (GaAl)As/GaAs
p-p-n solar cell has a high conversion efficiency in excess
of 20%. These are the highest conversion efficiency
developments. However, the output voltage of a solar cell is
limited by the energy band gap of the constituent material,
e.g., the open circuit voltage is about 1V in (GaAl)As/GaAs
solar cells. Recently, the development of a solar cell array
with a high output voltage integrated onto a single wafer has
become necessary for use in solar power systems and in photo-
cells for consumer use.

Borden (1980) has shown that the monolithic series-
connected solar cell array on a wafer has various advantages
over thé single junction solar cell when used in tracking
concentration arrays and spectral splitters, e.g., the smali
degradation caused bf non-uniform illumination in the solar
cell array. The monolithic GaAs solar cell array was first
fabricated by Borden (1980) with an efficiency of 13.6% under'
AM2 sunlight. However, the cell performance was limited due
to the fabrication process, which is more complicated for a

monolithic solar cell array than that for the usual solar cell.

- 201 -



For example, the formation of the insulating layer, preventing
the interconnecting metal from shortage the junction at the
edge of each subcell, is complex.

Three types of monolithic GaAs solar cell arrays formed on
Cr-doped semi-insulating GaAs wafers were fabricated and tested
in this work. In order to explore the fabrication process,
the Schottkybarrier type(SB) and p-n homojunction type solar
cell arrays were fabricated as starting points for the
" monolithic GaAs solar cell arrays. This 1is described in
Sec. 11-2 and Sec. 11-3. The (GaAl)As/GaAs p-p-n hetero-
structure type device is discussed in Sec. 11-4.

One of the major problems in a monolithic solar cell array
formed on a semi-insulating GaAs wafer is junction shortage
at .the edge of each subcell, caused by the interconnecting
metal. This problem does not occur in the SB type cell
array. In the p-n homojunction type cell array, this
difficulty can overcome by forming a p-GaAs region at the edge
of each subcell. Additional Zn diffusion was proposed in
order to solve this problem in the (GaAl)As/GaAs hetero-
structure type device. This process obviate the necessity

for an insulating layer at the edge of each subcell in order

to prevent junction shortage.
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11-2. The Schottky barrier type monolithic GaAs solar cell

array.

The Schottky barrier type monolithic solar cell array
formed on a GaAs wafer was considered first in order to
establish the fabrication process, because the junction can
formed simply by metal evapolation onto the n-GaAs layer and
the barrier metal can also be used as the interconnecting
metal.

Figure 11-1 shows a schematic diagram of this array
consisting of a number of rectangular subcells. Each subcell
was 4mm wide and 1mm long and was connected in series.

The numbgr of subcells was usually 3, 4, or 5. The spacing
between subcells was 100 um.

A (100) Cr-doped semi-insulating GaAs wafer with a 5um
n-GaAs epitaxial layer was used as the starting material. The
n-GaAs epitaxial layers were deposited in the usual Ga~+AsC13
CVD system, and the room temperature carrier concentration was

(1—10)x1016cm-3.

The interconnecting junctions were formed
by the following process and the usual photolithographic

technique was used for each fabrication stage.

(1) Ohmic contacts (Au + Ge + Ni) formation on the n-GaAs
layér.

(2) n-GaAs mesa-etching. (each subcell was isolated
electrically.)

(3) Deposition of gold for both the barrier and the

interconnecting metal.

(4) Deposition of Sb203 for thé AR coating.
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One of the most important processes is the n-GaAs mesa-
etching process which ensures that the each subcell is
electrically isolated. When a GaAs surface is etched using
a rectangular mask, the cross-section perpendicular to the
substrate surface is generally trapezoidal. The cross-
section of the n-GaAs layer of a monolithic solar cell array
formed on a single wafer must be mesa-type trapezoid as shown
in Fig. 11-1 in order to connect each subcell across the
groove via the interconnecting metal. Each subcell was
oriented as shown in Fig. 11-2 and was connected in series,
parallel to the <011 direction. A H,S0, +H,0, +H,0
(1:10:1, 0-5°C) solution was used for the groove etching
precess. This satisfied the above condition. The photo-
graphs in Fig. 11-2 show the (011) and (Oil] cleaved cross
sections which were obtained using this etching. These
results are similar to those reported by Iida (1971).

Béfore depbsition of the gold film for the barrier metal,
the GaAs surface was cleaned using a solution of HZSO4‘+H202 +
HZO (10 :1:1, 30°C) for 10 - 15sec. The sheet resistance was
controlled at 80-1002/4 .

Figure 11-3 shows the Current—voltage characteristic of
a SB type solar cell array. The detailed cell performances
are summarized in Table 11-1. The current density (normalized

current ) I is defined as

ARRAY

I =1 /S, | (11-1)

ARRAY

where I is the current which flows through the cell array

and S is the effective subcell area (S =].x4~mm2)'
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Fig. 11-2.

Schematic cross-sections of a monolithic GaAs solar cell
array. The Photographs show the cleaved cross-sections

obtained using a HZSO4-PH202-FHZO (1:10:1, 5°C) solution.

- 206 -



L U T P 3

O v Moo o Mo @

Schottky barrier
type cell

L AM! 100mWem™ —
7 - 7. 5 olio

N S N B ;
1.0 20 3.0 40

VOLTAGE -~ (V)

NORMALIZED CURRENT ( mAcm™)

O

Fig. 11-3.

The current-voltage characteristic of the Schottky barrier
2
)

m is the number of subcells. The open circuit voltage

type device under simulated AM1 insolation (100mWcm~

and the conversion efficiency are 3.0V and 7.5%, respectively.
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Dark I-V curve for the Schottky barrier type cell array.

The average diode quality factor n is defined in Eq. 11-2.
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This SB type solar cell array exhibited an open circuit
ltage of 3.0V for an array consisting of five adjacent cells.
e average open circuit voltage per subcell is 0.6V, which

the usual value for GaAs MS solar cells. The fill factor
s 0.76, which is one of the highest values reportes for GaAs
or MIS solar cells (Yeh, 1977). The dark I-V curve for

is cell array is shown in Fig. 11-4. The average diode

ality factor n is defined as

I = Ioexp(qV/mnkT), (11-2)
ere m is the number of subcells and the other symbols
ve their usual meaning. This cell has n=1.04, and it is
nsidered that a nearly ideal Schottky barrier was achieved

this device.

-3. The p-n homojunction type monolithic GaAs solar cell

array.

A major problem in the p-n homojunction type solar cell

ray is to prevent the interconnecting metal from’shofting'-
e junction at the groove wall. An insulating layer such

SiO2 had to be deposited at the edge of the p-type ohmic
ntact side of each subcell in order to avoid junction shortage
the previous fabrication process (Borden, 1980) as shown in
g. 11-5(a). In this work, a new method for the connection
each subcell on a single wafer was proposed as shown in

g. 11-5(b). The opposite side to the n-type ohmic contact

de of the etched groove covered with a p-type GaAs region,
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interconnecting metal

p-contact 1nsylat1ng layer

n-contact

n-GaAs

Cr-doped semi-insulating GaAs wafer

(a) the current type

interconnecting metal p-contact

p-contact

n-GaAs

Cr-doped semi-insulating GaAs wafer

P e I T e e

Fig. 11-5.

(b) this work

ichematic diagram of two types of p-n homojunction monolithic

olar cell arrays.

a) The current type: An insulating layer such as SiQ2 is
necessary to prevent the interconnecting metal from
shorting the junction at the groove wall of each subcell.

b) This work: The groove wall is covered with a p-GaAs region,

so that an insulating layer is not necessary.
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so that an insulating layer such as SiO2 was not necessary

to avoid junction shortage. This covering by a p-type GaAs
region increases the cell stability becéuse it is not necessary
to consider the leakage through the insulating layer, and

thus higher stability can be expected under high sunlight
concentration operation.

The starting material for p-n homojunction type solar
cell array is a (100) Cr-doped semi-insulating GaAs wafer with
a Sym n-GaAs epitaxial layer as for the SB type device.

The p-n homojunction was formed by diffusion of Zn using the
usual closed-ampoule annealing technique.

The p-n homojunction type cell arrays were fabricated
by the following process.

(1) First mesa-etching. (Each subcell of n-GaAs was

isolated electrically.)

(2) Zn diffusion to form the p-n junction.

(3) Second mesa-etching. (n-GaAs region révealed on one
side of each groove.)

(4) Ohmic contacts formation on the p- and n-GaAs regions.
(Ag + Zn for the p-contacts and Au + Ge + Ni for the
n-contacts.)

(5) Deposition of the interconnecting metal.

(Silver was usually used.)

(6) Deposition of SbZO3 for the AR coating.

The Zn diffusion was carried out at a temperature of
650°C for Z0min. The junction depth was about 0.5um.
The I-V characteristics as measured in the solar

simulator are shown in Fig. 11-6. Each curve in this figure
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Fig. 11-6.

I-V curves for the p-n homojunction type solar cell array
measured in the solar simulator (AM1, IOOchqu);

Each curve represents the I-V characteristics for the
number of subcells indicated i;e., 1, 2; 3, and 4,

respectively.
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represents the I-V characteristic for the number of subcells
indicated (1, 2, 3, and 4, respectively). This cell array
consisting of four adjacent subcells. One can see that the
total open circuit voltage increases proportionally with
the number of subcells. The total open circuit voltage and
conversion efficiency under simulated AM1 insolation are
3.55V and 9.6%, respectively. Detailed cell performance in
including data for other p-n homojunciton type solar cell
arrays are listed in Table 11-1. The average open circuit
voltage of about 0.9V is a very high values for GaAs p-n
homojunction type solar cells. The conversion efficiency is
also very high.

Figure 11-7 shows the dark I-V curves for this cell array.
Eacﬁ curve represents the I-V characteristic for the number
of subcells indicated, i.e. 1, 2, 3, and 4, respectively.
The diode quality factor for each subcell and the average
value (see Eq. 7-2) was about 2, which is normal for Zn-
diffused type GaAs p-n homojunction solar cells.

The Zn-diffusion process described in this section
was also applied in the fabrication of the (GaAl)As/GaAs

heterostructure type solar cell array.
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( A)

CURRENT
I

VOLTAGE (V)

Fig. 11-7
Dark I-V characteristics for the p-n homojunction
type solar cell array. The diode'quality factor

for each curve as defined in Eq. 11-2 is about two.
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11-4. The (GaAl)As/GaAsheterostrucfuretype monolithic

solar cell array.

(GaAl)As/GaAs p-p-n heterostructure solar cells have
demonstrated high conversion efficiencies of over 20%.
Consequently, the (GaAl)As/GaAs p-p-n structure should be
used in monolithic solar cell arrays in order to obtain such
high conversion efficiencies.

Therefore (GaAl)As/GaAs heterostructure type monolithic
solar cell arrays were fabricated by adopting the Zn diffus-
ion process described in the previous section. Figure 11-8
shows a schematic diagram of the (GaAl)As/GaAs heterostructure
type cell array. Since the groove wall on the p-type ohmic
contact side is covered with the Zn-diffused region, an
inswlating layer was not necessary in order to avoid junction
shortage.

The starting material was (100) Cr-doped semi-insulating
wafers with a p-(GaAl)As/p-GaAs/n-GaAs heterostructure.

The fundamental fabrication process was the same as that for
the p-n homojunction type device described in the previous
section.

The GaAs wafer with the heterostructure was prepared
by the usual LPE method as described in Chap. 10. The Sn-

doped n-GaAs (5-6um) and Be-doped p-Ga xAleS (x>0.8, 2um)

1-
layers were grown at a temperature of about 750°C. p-GaAs
was formed by the diffusion of Be into the n-GaAs epitaxial

layer during the growing process of the Be doped p-(GaAl)As.

The junction depth was about Zum. This is the usual
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interconnecting metal

n-contact

p-contact p- (GaAl)As

n-GaAs

Cr-doped semi-insulating GaAs wafer

Fig. 11-8.

Schematic diagram of the (GaAl)As/GaAs heterostructure
type monolithic solar cell array fabricated with an
additional Zn diffusion process in order to avoid junction

shortage at the groove wall.

Voe = 3755 \

= . ~>
I, 24_._3 mA-cm
FF = 0.70
n = 15.0 ¢

ssimulated AM1 insolation.

-4 adjacent cell array.

Table 11-2. The photovoltaic characteristics of a

The photovoltaic characteristics of a (GaAl)As/GaAs hetero-

structure type monolithic solar cell array.
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structure of (GaAl)As/GaAs p-p-n single junction solar cells
(as described in Chap. 10) apart from the semi-insulating
substrate.

The additional Zn diffusion process was carried out at
a temperature of 650°C for 20 min; Zinc does not reach the
p-GaAs region, i.e, Zn diffusion is limited to the p-(GaAl)As
layer.

The device performance is given in Table 11-2. The
cell array, consisting of 4 adjacent subcells, has an open
circuit voltage of 3.55V and a conversion efficiency of 15.0%
under AM1 insolation. The cell performance is low compared
to that of single junction (GaAl)As solar cells. This 1is
attributed to a low fill factor, which probably arises from
the non-uniformity of the subcell area (About 7% in this
device). The bias point of each subcell is adjusted to
compensate for the subcell area variation so that a constant
current flows through the cell array.

The cell performance could be enhanced by improvements

in the fabrication process.
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11-5. Summary and conclusion

Three types of monolithic GaAs solar cell arrays formed
on Cr-doped semi-insulating GaAs wafers were fabricated and
tested.

In order to explore the fabrication proceés, Schottky
barrier type and p-n homojunction type solar cell arrays were
fabricated as a starting point for monolithic solar cell
arrays. The Schottky barrier type solar cell array exhibited
VOC=3.OV and n=7.5% (AM1) for a 5 adjacent cell array.

One of the major problems in a monolithic solar cell
array ié junction shortage at the edge of each subcell,
caused by the interconnecting metal. (This problem does
not occur in the SB type cell array.) In the p-n homo-
junction type cell array, this difficulty was overcome by
forming a p-GaAs region at the edge of each subcell. The
p-n homojunction type cell array, in which the p-n homo-
junction was formed by diffusion of Zn using the usual closed-
ampoule-annealing technique, exhibited VOC=3.52V and n=9.6%
(AM1), and n=11.4%(AM2) for a 4 adjacent cell array.

‘Additional Zn diffusion was proposed in order to solve
the problem-of junction shortage at the edge of each subcell
caused by the interconnecting metal in the (GaAl)As/GaAs
p-p-n heterostructure device. Using this method, an
insulating layer such as SiO2 was not necessary in order to
avoid junction shortage, since the groové wall on the p-type
ohmic contact side was covered with the Zn diffused p-Gals

Tegion. The (GaAl)As/GaAs p-p-n type cell array exhibited
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VOC=3,55V and n=15.0% (AM1) for a 4 adjacent cell array,
Although the conversion efficiency is low compared to that
of single junction (GaAl)As/GaAs solar cells because of a 1low

fill factor, the device performance could be enhanced by

improvements in the fabrication process.
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PART V

GENERAL CONCLUSIONS

Chapter 12. General conclusions.



CHAPTER 12. GENERAL CONCLUSIONS.

It must be emphasized that investigations of the physical
properties relating to III-V compound semiconductor alloys are
required in order to obtain high performance electronic devices
for the 1980's. This research work was performed with the
following primary aims; to investigate the bahaviour of II-column
impurities in Gal_XAles ternary alloys,to develop new III-V
quaternary alloys, and to develop high performance GaAs based
solar cells as an application field.

In this chapter, the achievements which were described
in detail in PARTs II, III, and IV, are summarized

and the main conclusions of this research programme are stated.

BEHAVIOUR OF II-COLUMN IMPURITIES IN Ga XA}XAS TERNARY ALLOYS.

1-

The diffusion of II-column impurities in GaAs during the
LPE growth process, which is a technique widely utilized ih
the formation of p-n structures for the preparation of various
electronic devices, was thoroughly investigated for both Be.
and Zn. From an evaluation of the free—cafrier concentration
profiles in the Be diffused p-GaAs regions formed by Be
diffusion during the LPE growth of Be doped p—GaO.zAlo.SAs,
it was shown that this diffusion process could be treated as
simple diffusion in a semi-infinite medium, if the. surface
free-carrier concentration was less than 6x1018cm-3. The

diffusion coefficient takes the form D==DO(—EO/kT), where

DO==O.66cmzs_1 and EO==2.43eV for Be diffusion in the
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temperature range from 700°C to 900°C.
The results presented in Chap. 3 have established the
treatment of II-column impurity diffusion during LPE growth

process.

The Hall mobility, which can be measured simply by the
van der Pauw method, is one of the most important indices used
in studying, characterizing, and assessing the quality of semi-
conducting materials. In the previous analyses and experimental
studies, an important problem has been left unresolved, i.e.,
the analytically calculated values for the Hall mobility.

In previous investigations, only the calculated drift mobility
and the experimentally observed values for Hall mobility were
‘given. A modified two-band transport model was derived

which enables the separate calculation of the drift and Hall
mobilities. In this model the drift and Hall mobilities are
calculated from the sum of various mobility components using
Matthiessen's rule, and the Hall coefficient factor can be
calculated essentially from the ratio of the heavy to the light
hole effective masses. Numerical calculations were performed
for p-type Gal_xAles, taking into account the acoustic and
non-polar optical phonon, the polar optical phonon, the ionized
impurity, and the alloy scattering. The alloy scattering is
an additional scattering mechanism found in ternary and
quaternary alloys. The numerical calculation results showed
that the room temperature Hall mobility (and also the drift
mobility) was influenced according to the magnitude of the

alloy scattering potential, and the compositional dependence
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of the room temperature mobility would be significantly bowed
by the existence of alloy scattering with an alloy scattering
potential of 0.7eV.

It is noted that the coupled-Boltzmann transport equations
must be solved for a strict analysis. However, few studies
in which the solutions of the coupled transport equations were
used in explaning the experimental Hall mobility data. This
is no doubt due to the difficulty of the solutions. Since
the modified two-band transport model,which is derived in this
thesis, has simpler expressions than those for the strict
derivation ,this model will be utilized for the analysis of the

Hall mobility data of other III-V ternary and quaternary alloys.

Few systematic studies of the electrical properties of p-type .
Ga; Al As have been reported. Nevertheless the Gal—xAleS
ternary alloy 1is one of the most commonly used III-V ternary
alloys for various electronic devices.

It is shown that the acceptor energy level in Gal-xAleS
increases with increasing Al composition from about 25meV to
70meV, from theoretical considerations using the modified
hydrogenic model which takes the valence band structure through
the Luttinger'svvalence-band parameters. The acceptor energy

level for Zn in Ga XAlXAs increases with increasing Al com-

1-
position as theoretically predicted. Good agreement between
the theoretical values and the experimental values was observed
for Al compositions less than 0.5. The acceptor energy level
for Zn reaches 140meV at x=1.0 (AlAs), and zinc produces a

relatively deep level in Ga xAleS with a large Al composition

1-
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of x>0.5. On the other hand, beryllium produced a relatively
shallow acceptor energy level in GaO.ZAlO.8AS of 47meV whereas
that for Zn was about 80-90meV. Although it is expected that
beryllium as a p-type dopant will produce a shallow acceptor

energy level in Ga _XAles, the doping characteristics have not

1
been o reported. It was shown that the free-carrier con-
centration (from 3x1017 to 3x1018cm—3) of GaO.ZAlO.SAS can be
controlled by the Be concentration in the LPE growth melt,

and that the distribution coefficient for GaO.ZAlO.SAS is

about 0.03. If alloy scattering existed in p-Gal_xAles,

then the room temperature Hall mobility would exhibit a
significant bowing. However, the alloy scattering
potential has been left as a justifiable parameter in the
numerical calculations.. Comparing the observed Hall mobility,
the compositional variation of Hall mobility can be explained

by the existence of alloy scattering, and the scattering

potential was found to be 0.7eV for p-Ga; Al As.

The theoretical and experimental results described in
PART II are the most significant achievements of this research
programme, and these are arguably the most profound
investigations of the physical properties of p-type Gal—xAleS

yet reported.

DEVELOPMENT OF NEW III-III-III-V QUATERANRY SEMICONDUCTORS.

The main material requirement for optical devices in the

1980's is for materials whose energy band gap wavelength is

- 224 -

B



less than 750nm (for visible region) or greater than 1.0 um
(for the infra-red region). It is also preferable that the
direct energy band gap should be in the required wavelength
region. The III-III-III-V quaternary alloys such as
(AlGaIn)As and (AlGaIn)P are amongst the most attractive
materials for opto-electronic devices operating in these wave-
length regions. However, phase diagram calculations showed
that it was almost impossible to prepare these materials on
appropriate substrates using the conventional LPE technique
because of the large Al segregation coefficient. On the
other hand, the MBE process, in which epitaxial growth occurs
by impinging thermal molécular beams on a heated substrate in
an ultra-high vacuum environment, can produce these materials
on appropriate substrates.

(Aleal~x)yInl—yAs quaternary alloys lattice matched to
InP substrates were prepared by the MBE technique. It was
shown that these quaternary alloys had direct energy band gaps
of 1.0-1.65um as predicted,'from room temperature trans-
mittance measurements and photoluminescence measurements at
77 K. The undoped films exhibited n-type conduction and
p-type films could be prepared using Be as a p-type dopant.

These results, which represent the first preparation of
(AiXGal_X)yInl_yAs on InP substrates, demonstrate that
VYIII—III—III—V materials might be one of the promising materials
in the 1980's. This preparation and the demonsfration of its
properties has profound significance for device and material
research.

Previously MBE for III-V semiconductor alloys was mainly
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utilized for device preparation. However, this work has
demonstrated that MBE can equally be used for the production
of unknown materials which can not be prepared by LPE.

It is also of particularly importance that this work has shown

that MBE is a useful technique for material development.

DEVELOPMENT OF HIGH PERFORMANCE GaAs BASED SOLAR CELLS.

Of the various solar cell materials, GaAs is only
material which can producehigh conversion efficiencies of over
20%. High performance is expected in (GaAl)As/GaAs p-p-n
solar cells under solar cencentration conditions, using Be as
a p-type dopant (which produces a shallow acceptor energy
level). The Be doped (GaAl)As/GaAs p-p-n solar cells were
fabricated and tested. These dévices exhibited high conversion
efficiencies of over 20% (AM1) and 24.7% (AM1.3) , comparing
well with previous reported efficiencies. When placed in a
concentrator assembly, the device produced an output power
of SWCm*Z at 400suns and the corresponding conversion
efficiency was 15%.

The monolithic solar cell array, in-whiéh several solar
cells are series-connected on a semi-insulating GaAs wafer,
is suitable for a tracking concentrator power system and for
consumer use. Three types of GaAs based monolithic solar
cell arrays were developed, namely the Schottky barrier type,
the p-n homojunction type, and the (GaAl)As/GaAs p-p-n type
solar cell arrays. In order to prevent the interconnecting

metal from shorting the junction at the groove wall, an
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additional Zn diffusion process was developed for the
(GaAl)As/GaAs p-p-n type device. This process obviates the
necessity of an insulating layer which had previously been
used to avoid junction shortage at the groove wall. The
(GaAl)As/GaAs p-p-n type cell array exhibited a conversion

efficiency of 15% for AM1 solar simulator insolation.

RRRRKRERTARRA AR

A systematic study of p-type Ga AlXAs ternary alloys

1-x
and the considerations concerning new semiconductor materials
for the 1980's are described in this thesis.

In conclusion, the author would like to reemphasiz
that RGD for electronic devices consisting of III-V compound
semiconductor alloys must be carried out together with

sufficient investigations and analyses of the physical

properties of III-V compound semiconductor alloys.
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APPENDIX A. PHASE EQUILIBRIA OF ITI™-V SYSTEMS.

The phase diagram of III-III-III-V quaternary systems can
be analyses by extending the ternary system, which was reported
by Ilegems, et al.(l)(z) The following analysis is generally
performed for the 111"-v system, and is also easily applied to
the III-V" system (such as Ga-As-P, and In-As-P-Sb). The
ternary phase diagram such as Ga-Al-As can be calculated by
putting n =2, and the quaternary such as Ga-In-Al-As by putting
n=3,

Here, the solid solutions are assumed to be represented

2 -
s
XZ

by A}sA
1 .
group-V element, and Xi is the composition of A'B. The

AYB, where At is the group-III element, B is the
Xn

fundamental assumptions for the deviation are as follows:

1. The solid solutions of composition AisAis—-AQSB is treated
’ 1 72 n

as a mixture of AlB, AZB———, and A"B , and separate
équilibrium conditions are written between AiB (i=1-n) in the
solid and Ai(i=1—n) and B in the liquid.

2. The chemical potentials of the pure binary compounds are
related to the chemical potentials of their constituent

elements in the binary liquid by means of a relationship

derived by Vieland(s).

The following expressions are obtained for systems in which
there are liquid solutions of elements Ai(i=l-n) and B

and solid solutions of the binary compounds AiB (i=1-n):

- 229 -



;S 51 sl
31 X5 = Uy Xy n+1/( n+1)}
exp{As;(T; - T)/RT}, (n=1-n) (A-1)
n+1l 1
r Xo =1, (A-2)
i=1 *
s
2 X7 =1 (A-3)
i=1 7t
where
£y ¢ the activity coefficient of the compound (AlB, i=1~n)
in the solid.
Y; ot the activity coefficient of the indicated element
(al, A%--A", and B) in the liquid
Xi (i= 1®n): the mole fraction of A'B in the solid.
X% (i=1vn+1) :the mole fraction of the indicated element

in the liquid.
ASé(i= 1an): the entropy of fusion of the
pure binary compound AiB.
The subscript 's1l' indicates the stoichiometric liquid
( liquid Ai-B for i=1n in Eq. A-1.)
When the simple solution approximation is extended to
I11"-v systems, equafions for the activity coefficients are

(2)

given by the usual expressions.

i
™
<
.

RT'lnYi

(aij+aik~akj)’ (A"4)
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n s
and RT-lngi = 3 Bg..X,
#

j=1 117
i#]
n S+ S
+ 3 kaj(sij+sik—skj). (A-5)
k=1
k<j
j#1

where aij'is the interaction coefficient between i and j in

the liquid, and is given by

a = a - bT for III-V systems. (A-06)
Bij is the interaction coefficient between A'B and AjB in the
solid. The computer program for the 111"-v plural systems

solves the non-linear simultaneous eqations of Eq. A-1~A-5,
the input data being o, B8, ASP, and TF} The parameters are

1isted in Table A-1.
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Table A-1.

Liquidus and solidus interaction parametérs for the

calculation of the III-V phase diagranm.

F

F

i-j - T AS @) ; Ref.
( K) (cal mole_lK_l)
Al-P 2803 15.0 1750-2.0T (3)
2803 15.0 2800-4.8T (2)
Al-As 2043 15.6 -6390-5.5T (3)
2013 22.8 9040-9.16T (1)
2043 15.6 600-12.0T (2)
Al-Sb 1333 14.57 12300-10.0T (3)
Ga-As 1511 16.64 5160-9.16T (1)
Ga-P 1740 17.3 2120-4.45T  (3)
1738 16.8 2800-4.8T (2)
1813 12.85 14690-13.15T  (4)
Ga-Sb 983 15.80 4700-6.0T (3)
In-P 1335 15.2 3578-3.54T  (3)
1343 14.0 4500-4.0T (2)
1333 14.76 9030-9.75T (4)
In-As 1215 14.52 3860-10.0T (3)
1210 14.52 4030-10.16T  (5)
In-Sb 798 14.32 3400-12.0T (3)

(continued to next page)
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i-j %53 Ref. i-j Sij ‘ Ref.

(cal) (cal)

Al-Ga 104 (2) AlP -GaP 0 (2)

| AlAs-GaAs 0 (2)

400 at 973K (3)

-3892+4T(1073-1273K)

A1Sb-GaSh 0 (2)

Al-In =aGa—In AlP -InP 3500 (2)

AlAs-InAs 2500 (2)

A1Sb-InSh 600 (2)

Ga-In 1060 (2) GaP -InP 3500 (2)

1850 (6) GaAs-InAs 2.83T-1130 (5)

2100 (6)

GaSb-InSh 1900 (2)

P -As 1500 (2) AlP -AlAs 400 (2)

2000 (4) GaP -GaAs 400 (2)

InP -InAs 400 (2)

1000 (4)

As-Sb 750 (2) GaAs-GaSb 4500 (2)

InAs-InSb 2250 (2)
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APPENDIX B.

ANALYTICAL METHOD OF (GaAl)As/(GaAl)As p-p-n SOLAR CELLS.

Spectral response and the short circuit current can be
calculated using the solution of the usual minority carrier
continuity equations. The details of formulae are omitted

*

since they are summarized in literatures.

For convenience, the parameters used in this research for
the numeracal calculations for (GaAl)As/(GaAl)As p-p-n solar

cells are listed in Table B-1.

*¥) for example,

1. A, G. Milnes and D. L. Feucht; "Heterojunction and metal-
semiconductor junctions' (Academic press, 1973), chap 5.

2. H. J. Hovel; "Semiconductor and semimetals" Vel,10. Solar
cells (Academic press, 1975)

2. "Taiyoko Hatsuden'" (ed. K. Takahashi, Y. Hamakawa, and A.

Ushirikawa, Morikita Shuppan, 1979) Chap. 3 and Chap. 8.
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. Energy band gap of Ga

l__XA].XAS.

E;(X) = 1.424 + 1.247% (eV) for 0 <x<0.45
Eg(x) = 1.900 + 0.125x -+ O.l43x2 (eV)

Absorption coefficients.

For the surface p~Ga _xAlXAs layer (x>0.8)

1
g = 3.2}(104{hv - Egl(x)}l/2 (cm_l) ——— direct transition.
g = 4.92{103{hv - Egl(x)}2 (cm_l) -—- indirect transition.

For the active p-Ga _yAlyAs region (0<y<0.4)

1
a = 3.5x104{hv - Egz(y)}l/z (cm—l)

. The other parameters.
Thickness of the surface p_Gal~xAles : 0.1 - 0.5 um
Thickness of the active p~Gal_yAlyAs :  wvariable
Electron diffusion length of the surface layer : 0.7-1.0um
Electron diffusion ledgth of the active p-type region : 4-5 ym

Hole diffusion length of the active n-type region: 0.7 um

. . . 2 -
Diffusion coefficient of the surface layer : 6 cm sec

. , .. . . 2 -1
Diffusion coefficient of the active p-type region: 80 cm sec

. , - - . . 2 -1
Diffusion coefficient of the active n-type region: 6 cm sec

6 7 -
Surface recombination velccity of the surface layer : 10 -10 cm- s

- Table B-1.

Parameters used in the calculations.
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