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Atsutoshi Doi

Central Research Laboratory, Hitachi Ltd.,
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ABSTRACT

ILigquid phase epitaxy (LPE) of thin GaAs layers is
investigated both experimentally using a horizontal
sliding boat and theoretically assuming that the
growth process is diffusion controlled. The excellent
agreeﬁent between calculated and experimental results
indicates that the diffusion limited growth model
is valid for expressing the growth process in the
LPE. It is found that the thickness of the Gals
epitaxial layer can be controlled by the following
five growth parameters : initial temperature, initial
supercooling, cooling rate, solution thickness, and
growth duration,

An improved LPE technique is developed. In this

technique, a dummy crystal is introduced to control
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the initial supercooling, which is nearly uncontrollable
in the previous technique. Reproducible growth of
submicron GaAs multiple layers is possible using the
new LPE technique.

The analysis of the LPE of the binary Ga-As
system is extended to the ternary Ga-Al-As system.
The influence of various growth conditions on crystal
composition in the GaAlAs epitaxial layer and on
epitaxial layer thickness is investigated in detail.
It is shown that uniform AlAs mole fraction profile
can be obtained by controlling the following growth
conditions : cooling rate, solution thickness, and
initial supercooling. The dependences of the GaAlAs
layer thickness on growth conditions are similar
to those of GaAs except for a factor which depends
on the AlAs mole fraction.

Compound semiconductor LPE has been successfully
applied to the fabrication of transfered electron
oscillator diodes, double-drift region IMPATT diodes,
MESFET!'s, and injection lasers. The LPE crystals
are shown to meet the respective specifications and

provide excellent device performances.
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1. INTRODUCTION

Liquid phase epitaxy (LPE) is becoming a widely
used technique for growing high~quality III-V
semiconductors and related alloys. It has been
successfully applied to the fabrication of
electroluminescent diodesl), laser diodesz), and
high~frequency devices such as transferred electron
oscillator diodes®’ and IMPATT diodes??).

From the applicational point of view, the following
properties of grown layers are of greatest significance :
layer thickness, uniformity of thickness, crystal
composition, compositional profile, carrier
concentration, carrier concentration profile through
the layer, and surface morphology. To control the
quality of the grown layers in terms of structural
compositional, electrical, and morphological
perfection, many experiments have been done, and
successful achievements in controlled growth have

6-19)

been reported However, it is still very
difficult to control the layer thickness to less
than 0.5 um under most growth conditions. This is
largely due to a lack of fundamental data and

knowledge about the physical processes occurring



during LPE.

The first aim of this work is to investigate a
new LPE method for growing thin GaAs layers both
theorétically and experimentally. Most studieszo-26)
deal with LPE using a solution sufficiently thick as
to be considered infinite. But in LPE, it is
difficult to control the epitaxial layer thickness
to less than 0.5 um, Recently, some LPE techniques
useful for growing thin epitaxial layers have been

1,27'29), but the influence of

reported elsewhere
the growth parameters on the layer thickness has
not been sufficiently clarified.

In this work, the solution thickness was
reduced to be less than the diffusion length of ASBO).
Moreover, a dummy crystal was introduced to control
the supercooling>l’ on the top surface of the thin
Ga solution. The growth process has been analyzed
assuming that the growth rate is diffusion controlled.
It is shown that the experimental results agree well
with the calculated results, and that the diffusion
limited growth model is a good approximation for
the LPE of GaAs. The epitaxial layer thickness was

controlled by the following five growth parameters :

initial temperature, initial supercooling, cooling



rate, solution thickness and growth duration. The
reproducible growth of submicron GaAs multiple layers
was achieved by controlling the initial supercooling.

The second aim is to extend the analysis of the
LPE of the binary Ga-As system to the ternary Ga-Al-As
system. The influence of growth conditions on the
AlAs mole fraction in the GaAlAs epitaxial layer
as well as the layer thickness has been investigated
in detail. It is shown that a uniform AlAs mole
fraction can be obtained by an appropriate choice of
growth conditions : cooling rate, solution thickness,
and initial supercooling. The dependences of the
layer thickness on the growth conditions are similar
to those of GaAs except for a factor which depends
on the AlAs mole fraction. |

The quality of the LPE layers has been examined
by fabricating injection lasers and high-~frequency
devices such as transferred electron oscillator (TEO)
diodes, double=-drift region IMPATT diodes, and MESFET's.
It was found that the structural, compositional and
electrical qualities were successfully controlled to
meet device specifications.

This thesis is composed of six chapters. In the

next chapter, a detailed theoretical analysis of the



LPE of GaAs is given. The calculated results are
compared with the experimental results in Chapter 3.
The analysis is extended to the GaAlAs ternary system
in Chapter 4. Applicational examples to microwave
devices and laser diodes are given in Chapter 5.

The conclusions of this work are summarized in

Chapter 6.



2., DIFFUSION LIMITED GROWTH THEORY

2.1 Diffusion Limited Growth Model

It has been pointed out that bulk transport
brocesses and interface kinetics play an important
role in solution growth. It is generally
understood that the term 'bulk transport processes!
includes transport by convection, stirring, and
diffusion. And the term 'interface kinetics' includes
processes such as adsorption and desorption,
dissoclation and chemical reaction, migration,
capture at growth sites, nucleation and the production
of active growth sites. Various theories which
take these factors into account have been

20-22,26,32-34). In this paper, only the

reported
transport process by diffusion has been taken into
account to obtain relations between the epitaxial
layer thickness and growth parameters. Though this
is a Simple model, the calculated results give

very good agreement with the experimental results
which will be described in the following chapter.

The assumptions used in this theoretical treatment

are as follows



1) The crystal surface is planar. Therefore, there
is no lateral solute flow and no variation of freezing
point, both of which would occur at a curved solid-
liquid interface. This assumption makes it sufficient
to consider the one-dimensional diffusion problem.

2) The solution and substrate are isothermal. The
heat of fusion evolved at the solid-liquid interface
and the heat transfer away from the solution are not
taken into account, because the thermal diffusion coefficient
is higher by about four orders of magnitude than the
diffusion coefficient of the solute.

3) The liquid and solid are in equilibrium at the
interface55). The interface kinetics are assumed to
be fast enough not to be the rate-limiting step.

L) The solid-liquid interface moves at the speed of
the growth rate, But this movement is neglected
because only a thin layer growth is considered.

5) The diffusion coefficient of As in Ga solution

0) at 7uy c.

6) The critical supercooling is 6‘@30).

is 5x10—5 cma/sec3

The validity of assumptions 5 and 6 is discussed in
detail in the following chapter.
Solute concentration distribution in the solution

is shown schematically in Fig. 1. At the solid-liquid
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interface, the solute concentration C(x,t) is equal
to the equilibrium concentration CL(T). In the
regions away from the interface, the solution is in

a state of thermodynamic nonequilibrium. The resulting
concentration gradient leads to solute transfer.

The driving force for the diffusion is provided, for
example, by a temperature gradient or a temperature
change. In this model, the growth rate is assumed

to be limited by the solute diffusion. Thus the

one-dimensional diffusion equation to be solved is

oC
D—————:——-—',, -oco-(l)
aXZ at
where D is the diffusion coefficient of As in the
Ga solutione.
The boundary condition at the solid-liquid

interface is
C(0,t) = C (T). ceees(2)

The equilibrium As concentration is given by the

36-38) 24)

phase diagram and represented as follows y

Cr (T) = K exp(-AH/R,T), ceeee(3)



where AH is the heat of solution, Ro the gas constant,
and K a constant. Equation (3) gives good agreement
with the Ga-As liquidus line in the Ga=-rich region for
K=2.19x10°® cn™> and aH/R,=1.32x10" degrees. When the
temperature is lowered at a constant rate a, the

temperature is given by
T(t) Sl TO - at, » .".'(L*')

where Ty i1s initial temperature. Then Eq. (3) can

be approximated in the form,
CL(T) = C, exp(-t/T), ceees(D)

where CO is the equilibrium concentration at the

1 =2

T~ . This

initial temperature T,, and 1/T=AH a R, 0

approximation is valid when at/TO<<]J

The initial condition and the other boundary
condition depend on the methodology and geometry of
the LPE. In the following section, the boundary
conditions corresponding to various LPE techniques
are explained in detail.

The growth rate‘can be expressed by the following

relation which is required by mass conservation in



the solid-liquid interface region :

aC
D —
3
R = ( X)X=O P nooo.(6)
¢, - €(0,t)

where R 1is the growth rate and CS the As
concentration in the crystal. Since CS§> C(0,t)
in the growth from dilute solution, we can write
aoC’
D (_)
9% /%=0

o e (D)

CS

and the thickness of the epitaxial layer grown in a

time period t 1is
G= go R dt . 00000(8)
Thus we can obtain the growth rate and layer thickness

by solving Eq. (1) and substituting it into

Egs. (7) and (8).

~10-



2.2 Theoretical Analysis of GaAs LPE
2.2.1 General case

The As concentration profile and the temperature
distribution in the solution are shown in Fig. 2.
In the general case of GaAs LPE, there may be three
kinds of driving forces for the solute diffusion :
initial supercooling, temperature lowering, and
temperature gradient.

When the solution is saturated at TO + AT, the
As concentration profile is uniform in the solution
and the concentration is equal to G, *+ AC. The
epitaxial growth is started at TO by the step
cooling. The excess As concentration AC is the
initial supercooling, and CO is the equilibrium
concentration at the initial temperature TO' Thus

the initial condition is given by

C(x,0) = Cy + AC . ceees(9)

One of the boundary condition is given by Bq. (5),
which expresses the driving force due to temperature

lowering. When the source crystal is placed at

-11-~



C(xt)

Solute Concentration

T+6T

Temperature T(x,t)

Source
Substrate \
rd \

0 w
Distance x

Fig. 2. As concentration and temperature

distribution in the solution.
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x=W, and the temperature gradient §T/W is applied

to the solution, the other boundary condition is

given by

C(W,t) = (C0 + 8C) exp(-t/1) ,

where C. + 6C

0 = CL(TO + 8T).

«e...(10)

If there is no homogeneous nucleation in the

Ga solution, the As concentration profile in the

solution, the growth rate, and the epitaxial layer

fhickness can be calculated from the following

equations

AC 4D
2 .2

e W
n

C(x,t) =

(2n+1) m sin:®

X .
X + sin(6-

(2n+l)1rx exp(_€2 t)

W n

)

> N

a sin
+ CO :
sin

+_z:2$2ﬂ Sinnax

o

exp(-t/t)
6

1

—(-1)" ¢ ¥
1,2
T n

-13-
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C0 a—cosb
W | “sine exp(-t/1)

+2Z‘”r21 ( 11 5 +=25)- (-1 T L2')

exp( - wi t )] s i (12)

6 a—cosH

a(e) = ALY + S1ne

1- exp( 82 t) D C
C

S D >} {1 - exp(-w] t>”,

=14~



where A=(Dt)Y/2, e=w/a, a=(Cy+6C)/C .

€i=DE(2n+l)ﬂ/W}2, and wi=D(nﬂ/W)2. The first
terms in Eqs}(ll), (12), and (13) show the contributions

from the initial supercooling.

2.2.2 The effect of the temperature gradient

The magnitude of the contribution from the
temperature gradient is investigated in detail.
When the temperature gradient normal to the solid-
liquid interface is the only driving force for
solute diffusion, the As concentration profile,

growth rate, and layer thickness are

C(x,t) = CO + EWQQ + E:(_l)n.ggﬂl_ﬁg_

. nmx 2
sin =5 exp(—wn t), ..., (1)

R(t) = D4C {1 +2)(-1)" exp(-w? t)},..(lS)
S

n
G(t) =-g—§%~[ t + 2§Zi1%l—
s w
n
{ 1 - exp(—w2 t)}]. ce...(16)
n

-15-



These equations are the limiting case for C=>0
and a=0 in Egs. (11), (12), and (13). In the

steady state, the growth rate is

An approximate equation for &C can be obtained

from Eq.(3) with the assumption that

AH@T/(ROTO2)‘1 <1, namely

CO AH
§C =— 35 T, e
Ro To

With Egs. (17) and (18), the steady state growth
rate and layer thickness corresponding to the

temperature gradient are found to be

C, AH D
R=(8—)(~%—T—), ..... (19)
TO RO Cs
C. AH D
6(t) = (———) (F) & . ... (20)
T, R, C
0 "0 s

The layer thickness varies linearly with time €
and the temperature gradient (8T/W) in the steady
state. The magnitude of the growth rate can be

estimated by substituting an appropriate numerical

16~



value for Ga-As systems into Eq. (19)

R=1.4 x107°

(=—) (um/min) ...;.(21)

at 790 °C. As the growth rate is generally-l um/min
when the driving force is provided by the temperature
lowering or initial supercooling, the effect of the
temperature gradient on layer thickness can be
neglected in the temperature lowering LPE technique or
in the step cooling LPE method when the temperature

gradient is less than 1 C/cm.

2.2.3. The effect of the temperature lowering

When there is no temperature gradient and no
initial supercooling, i.e., when the temperature
lowering is the only driving force, the As
concentration distribution, growth rate, and layer
thickness are given by

cos(%—%)

C(x,t) = C —F=— exp(-t/1)
0 &)
cos ?

-17-



+Z 4D(§n+1) ( 1 1 )

+
1 27 2
T n n
singgg%lllﬁ exp(—ei t)] s e (22)
D Gy 8
R(t) =T W 0 tan-E- exp(-t/T)
S
+4§:ei (3 L+ 3 exp(—Ei t%,
= - € €
T n no .. (23)
D CO 5
G(t) = oW | T8 tan-E‘{l - exp(—t/T)}
S

€
n n

MZ(Li 5+ E% ){1 - exp(-;fl t)}]
T
These equations are the limiting case for AC—>O0
and &8C—=>0 1in Egs. (11), (12), and (13). When the
solution thickness is thin enough, i.e. (Dt)l/22> W,
a simple equation for the layer thickness can.be

derived from Eq. (24) :

exp(—éﬁ;")
RoTo

G(t) =5 (Fo) (

5 ) W-a't. ....(25)
0 “s T

2
0
This equation shows that the layer thickness can be
decreased by decreasing the solution thickness.
This LPE method is very suitable for the growth of

thin layers and will be discussed in Chapter 3.

-18-



2.2.4. Liquid phase epitaxy from thin solution

In the LPE technique described in the above
sections, the source crystal is placed on the top
surface of the solution. When the source crystal
is not introduced, the As concentration in the
solution, the growth rate, and the epitaxial layer

thickness can be calculated from the following

equations
2n+l
T Sl U V01
0Ce,8) =55 D11 on + 1

eXp( A t/t) + Cj [Cozoéyﬁﬁigx exp(=-t/1)

" 2
4 (xpg t/71)
___T_r_ Z(_l)n exp2 n T

Xn -1
cos{ 22+1 s (W—x)/w} _
TR L e (26)
2D 2D AC D CO
R(t) = E:exp( A t/T) + T [exp(—t/T)
s
& tan 6 - EZ—§~§——- exp (- A t/T)J e (27)
An -1 s
G(t) =8 AC W 1 - exp(- x t/1)
w2 o, T (2n+1)?

-19~



C. W
+ -9 [ tand {1 - exp(-t/T)}
S

2 }11 - exp(—xi t/1)
6° A2 (A - 1) o
n n

where An=% (2n + 1)7(1/6). These equations are
derived in the same manner as those in Section 2.2.1

using the boundary conditions

C(x,0)

Cqy + AC,

c(0,t)

Co exp(~t/1),

e _
(% Jx=w = O

The functional relationship of the epitaxial
layer thickness to'the growth parameters is not
discernible in Eq. (28) because Eq. (28) involves
an infinite series. Equation (28) can be simplified
by using the Euler summation formula for the two

limiting cases (Dt)l/2:>>w and (Dt)l/2<< W
AH K -2 AH
G(t) = B2 X |77° oxp(~527m )| W (AT+at), ..... (29)
RO CS[ 0 RO TO

for (DE)Y/Z>w g

-20-



a(t) = 2AH K (D)l/2 T—gexp(—AH (ATtl/2+2at3/2
R. C 'w 0 R.T 3
0 s 0°0
..... (30
1/2 . e s
for (Dt) <§W, where AT is the initial
supercooling expressed as temperature.

The common factor T52exp(-AH/ROTO) in Egs.
(29) and (30) shows thé temperature dependence of
the epitaxial layer thickness on the initial growth
temperature. The first terms in Egs. (29) and (30)
show the effect of initial supercooling on the layer
thickness., The second term in Eq. (30) is equivalent
to the result obtained by Small and Barnesao).
When the Ga solution is finite, only a finite layer

can be grown, The maximum thickness of the epitaxial

layer is given by

G=C—(i—%1—c(—f—)w ceves(31)
s >

where C(i) and C(f) are the equilibrium As
concentration in the solution at temperature Tg* AT
and To-at, respectively. It can be easily shown
that Eq. (29) is equivalent to Eq. (31), that is,
almost all of the excess As atoms deposit onto the
substrate when (Dt)l/2§> w.

It is also shown by Eq. (29) that the thin Ga

21—
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solution is desirable for the growth of thin layers.
By comparing Eq. (25) and the second term of Eq. (29),
it is seen that the thickness of the epitaxial layer
in a given growth time can be halved by using a

dummy crystal on the top surface of the solution.

2.2.5. Numerical calculations

Numerical method have also been applied to
analyze the liquid phase epitaxy of GaAs in Ga
solution. 1In this method, it is possible to take
into account the complex boundary conditions such as
the exact temperature program, homogeneous nucleation
in Ga solution at critical supercooling, and the
existence of stirring.

It is well known that solubility increases as
the size of the source crystal decreases. The
solubility is related to the particle radius by the

39),

Ostwald-Freundlich equation

1 _ 2Mo ( 1 1 )
>
ROTp rl

where C1 and 02 are the solubilities of particles

PP -



with radii T and Tsy respectively, R the gas
constant, T the temperature, p the density of the
solid, M the molecular weight of the solid in
solution, and o the surface energy of the solid
particles in in contact with the solution. 1In
conformity with this solubility increase, there is
no creation of small crystalline particles in the
supercooled solution when the superpooling is less
than a critical value. In other words, the solution
can support a certain degree of supercooling without
causing homogeneous nucleation. If the As concentration
exceeds a critical value at a distance X, away
from the solid-liquid interface, homogeneous
nucleation starts and the difference between C(x,t)
and CL(T(t)) is kept at a value AC, :
C(x,t) = CL(T(t)) + ACC = CL(T(t) + ATC), for
x>x, and (22) =0, where M, is the critical
supercooling, °

If there is stirring by convection, the diffusion
takes place through a narrow boundary layer adjacent
to the solid~liquid interface. In the stirred region

of the solution, uniform As concentration is assumed.

23



3. CALCULATED RESULTS AND EXPERIMENTAL EVIDENCES
FOR THE LIQUID PHASE EPITAXY OF GaAs

3.1, Growth Apparatus and Procedure for Single-

Layer Growth

There are several types of LPE growth apparatus :

41942)’ the

the tipping system4o), the dipping system
rotating system6’45); and the sliding boat systema’qq).
In this work, a horizontal sliding boat was used to
grow the GalAs layers. A cross-sectional view of the
boat which was used for single layer growth is shown
in Fig. 3. The upper part of the Ga solution was
moved by pulling a quartz rod and slider 1, and the
thickness of the remaining Ga solution was made
equal to that of slider 2, The thickness of the
solution was varied in the range 0.25-10 mm by varying
the thickness of slider 2.

A GaAs (100)-oriented substrate (Sn doped,

18 cm-B) was used for the epitaxial growth

n=1. 5Xlo
just after chemical etching by a mixed solution of
Hasoq, H202, and H,O. The boat was placed in a

uniform temperature zone (% 0.5°C) in a horizontal

furnace using Pd-purified hydrogen as the atmosphere

-2l
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Solution !N

GaAs Substrate

Fig. 3. Cross-sectional view of horizontal

sliding boat for LPE of thin GalAs layer.
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gas. No temperature gradient was detected in this
furnace.

Initially, the boat was heated to a temperature
0 to 30 °C above the initial growth temperature
(744 °C) and maintained at that temperature for 30
min in order to ensure the homogeneity of the Ga-As
solution., Then slider 1 was moved in order to form
a thin Ga solution and remove the excess GalAs source
floating on the solution. The furnace then was
cooled at a constant rate of 2.4 C/min and the
thin solution was moved onto the horizontal substrate
at 7Lk C. That is, epitaxial growth of GalAs was
started at 744 € using the thin Ga solution with
initial supercooling of O to 30 T. After a
specified time, the solution was rapidly removed.

The epitaxial wafer was then cleaved and the
cleaved surface was stained to show the interface
between the substrate and the epitaxial layer.

The thickness of the GaAs epitaxial layer was measured

using an optical microscope.

26~



5.2. Results and Discussion for Single Layer Growth
3.2.1s The effect of the solution thickness

The epitaxial layer thickness is plotted against
the thickness of the Ga solution for growth durations
of 340, 925, and 1800 sec in Fig. 4. The growth
conditions used are as follows : initial supercooling,
0 y initial growth temperaturé, ulL k¢ ; and cooling
rate, 2.4 C/min. The error-bars in the plot show
the lateral variation of the layer thickness. The
so0lid lines show the calculated values for the case
where the effecf of homogeneous nucleation was taken
into account, while the broken lines show the values
for the case where the effect was neglected.

As shown in this graph, when the thickness of
the solution is more than 1.2 mm, the thickness of
the epitaxial layer is independent of that of the
solution and there are differences between the solid
and broken lines, except for when the growth duration
is 340 sec, This is because the epitaxial layer
thickness is influenced considerably by homogeneous
nucleation which starts about 1.2 mm away from the

solid-~liquid interface. This will be explained in
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detail in Section 3.2.6. When there is homogeneous
nucleation in a part of the Ga solution, that part
of the solution does not contribute to the growth of
the epitaxial layer, but only to the formation of
small crystallites. Thus the so0lid lines become
constant and separated from the broken ones.

When the growth duration is 340 sec, the solid
and broken lines coincide for every thickness of
the Ga solution. This is because the growth duration
is too short for the effects of homogeneous nucleation
to appear clearly. Even in this case; when the
thickness of the Ga solution is more than 1.3 mm,
the thickness of the epitaxial layer is independent
of that of the solution. This can be understood if
it is assumed that the diffusion length of As in the
solution is 1.3 mm, because the part of the Ga
solution farther from the interface than the diffusion
length does not contribute to the epitaxy.

When the solution is less than 1.2 mm thick, the
thickness of the epitaxial layer is proportional to
that of the solution. The solid lines also coincide
with the calculated values obtained using Eq. (29).
This means that almost all of the As atoms in excess

of the equilibrium As concentration deposit onto the
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substrate.

Therefore, when the thickness of the solution
is less than about 1 mm, fine control of a thin and
uniform epitaxial layer can be realized because the
thickness of the epitaxial layer decreases as that
of the solution decreases and small crystallite
formation which may lead to nonuniform epitaxial layer

is suppressed.

3.2.2. The effect of the cooling rate

The dependence of the epitaxial layer thickness
on the cooling rate for various thicknesses of the
Ga solution is shown in Fig. 5. The solid and broken
lines are calculated by the numerical method and by
Eq. (30). An initial growth temperature of T4l %,
an initial supercooling of O %, and a cooling
range of TUL-734.4 C were assumed in the calculation.
In Fig. 5, the epitaxial layer thickness is
dependent on the cooling rate when the thickness of
the solution is more than 1 mm, while it is roughly
constant when the thickness of the solution is less

than about 0.5 mm.
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Therefore, if the Ga solution is chosen to be
less than 0.5 mm thick, reproducible growth of thin
epitaxial layers can be achieved by controlling the

cooling range precisely.

3.2.3. The effect of initial supercooling

The dependence of the additional epitaxial
layer thickness on the initial supercooling
calculated by Egs. (28) and (30) is shown for
different thicknesses of the Ga solution in Fig. 6.
An initial growth temperature of 74l °C, a cooling
rate of O°C/min, and a growth duration of 4 min
were assumed in the calculation.

As will be described later, some amount of
initial supercooling is necessary for growing GaAs
with a smooth surface. However, initial
supercooling is not desirable for the growth of
thin GaAs layers because it adds an excess growth
layer to the normal layer as shown in Fig. 6.

From Fig. 6, it 1s seen that a thinner Ga solution
is desirable in order to obtain a thin GaAs epitaxial

layer with a smooth surface.
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3.2.4, Influence of initial growth temperature

The dependence of the epitaxial layer thickness
on the inital growth temperature calculated by
Eq. (28) is shown in Fig. 7. A growth duration of
4 min, a cooling rate of 2.4 ©/min, and an initial
supercooling of 0 °C were assumed in the calculation.
It can be seen from Fig. 7 that the thickness
of the epitaxial layer depends on the initial growth
temperature. Therefore, decreasing the initial
growth temperature is also very effective for growing
thin GaAs layers. For example, the thickness of
the epitaxial layer decreases by about 43 % when
the initial growth temperature is decreased from

o

750 to 700 C.

3.2.5. Influence of growth duration

The relationship between the thickness of the
epitaxial layer and the growth duration is shown
in Fig. 8. The solid lihes are the plots of the
theoretical values for two different initial

supercoolings. The deviations of the experimental
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values show the lateral variation of the layer
thickness., Calculations were carried out under the
assumption that the growth temperature is 744‘@,
the cooling rate 2.4°C/min, and the thickness of
the Ga solution 0.5 mm. The theoretical values
were obtained by taking into account the transient
variation of the cooling rate during the initial
stage of cooling.

It can be seen from Fig. 8 that the thickness
of the epitaxial layer is proportional to the growth
duration, except during the first minute. 1In the
experiment, the surface of the epitaxial layer was
flat and smooth when the layer was grown using a
Ga solution supercooled by 2.3 °C, ﬁhereas the
surface was wavy when the layer was grown using a
saturated solution. Therefore, some degree of
supercooling is necessary for obtaining smooth

35)

surface, as has been reported elsewhere
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3.2.6. The experimental evidences for critical
supercooling and the diffusion coefficient

of As in Ga solution

Hsieh7) has recently reported that an initial
supercooling of 5 °¢c was insufficient for spontaneous
nucleation. Moreover, Crossley and Sma1124) have
reported that the critical supercooling was 15-20‘@.
However, the exact value of critical supercooling
has not been determined.

The dependence of the epitaxial layer thickness
on the initial supercooling is shown in Fig. 9.

In this figure, the experimental results (solid

circles) are compared with the calculated values

(s0l1id lines) for different critical supercoolings.
Epitaxial layers of GaAs were grown between 744 and

739 °C from Ga solutions which were initially
supercooled by O to 30 oC. The thickness of the

Ga solution was 0.5 mm and the cooling rate 2.4 oC/min.

As seen from Fig. 9, the calculated values
agree with the experimental ones if it i1s assumed
that the critical supercooling is 6 T.

The As concentration profile in the Ga solution

calculated using the same growth parameters used in
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Fig. 4 is shown in Fig. 10, The solid and broken
lines show the calculated results for ATC = 6°C
and ATC =00%, respectively.,

When the thickness of the solution is 0.5 or
1 mm, the solid and broken lines coincide with each
other. However, when the'thickness of the solution
is 1.5 mm, the solid and broken lines are separated.
Moreover, the solid line become parallel to the
abscissa when the distance from solid-~liquid interface
is more than 1.2 mm. That is, homogeneous nucleation
starts about 1.2 mm from the solid-liquid interface.
Therefore, it can be concluded that the effect of
homogeneous nucleation can be neglected when the
- thickness of the solution is less than 1.2 mm,
This result coincides well with an experimental
result shown in Section %.2.1. The critical distance
X where the homogeneous nucleation occurs; depends
on the cooling rate. Therefore, the selection of an
appropriate pair of cooling rate and solution thickness
is very important for keeping the solution free from
small crystallites,

The relationship between the thickness of the
GaAs epitaxial layer and the growth duration is

shown in Fig. 11. The solid lines are the calculated
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values for different diffusion coefficients and the
so0lid circles are the experimental values. The
growth parameters used are as follows : initial
growth temperature, 744‘@; initial supercooling,
0 C; and solution thickness, 10 mm.

In order to obtain the diffusion coefficient of
As, the solution thickness was chosen to be thicker
than the diffusion length of As, (Dt)l/a. Moreover,
in order to minimize the effect of homogeneous
nucleation, a maximum growth duration of 6 min,
roughly equal to the 340 sec of the case discussed
in Section 3.2.1, was chosen. The calculated
values include the correction for the transient
variation of the cooling rate as a'=a l-exp(-at/$) ,
where a' is the corrected cooling rate, a=2.L C/min,
and 6=4 C.

It is seen in Fig. 11 that the experimental
values agree well with the calculated ones when the
diffusion coefficient of As in Ga solution is

5x1077 cmS/sec at 744 C.
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3.3. Growth Apparatus and Procedure for Multiple

Layer Growth

The GaAs multiple layers were grown in a
horizontal sliding boat made of high purity graphite.
A cross sectional view of the boat is shown in Fig. 12.
The important feature of this boat are the confinement
of the Ga solution and the introduction of a dummy
crystal. In this new LPE technique, the dummy
crystal is placed in contact with a supercooled Ga
solution before growth. The resulting As distribution
in the Ga solution is shown schematically in Fig.l3(a).
Then the solution is brought into contact with the
substrate when the As diffusion length becomes
larger than the solution thickness; i.e, when
t>>W2/D, where W is the solution thickness and D the
diffusion coefficient of As in Ga solution. The
resulting As concentration plofile is shown in
Fig. 13(b). It is seen from Fig. 13 that the
local supercooling at the bottom of the Ga solution can
be controlled by the dummy crystal.

A GahAs (100)=-oriented semi-insulating substrate
was mechanically polished and subsequently chemically

etched in a 4:1:1 solution of HESO4:H202:H20 .
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The substrate and solutions were loaded in the boat
and placed in a uniform‘temperature zone (£ 0.5 %).
After purging with hydrogen, the boat was maintained
at a temperature of 750‘@ for more than four hours.
During this step, the solution was saturated with the
source material and volatile impurities were removed.

Subsequently, the boat was cooled at a constant
rate of 0.46 ‘b/min and the dummy crystals were slid
‘over the Ga solution by pulling slider 1 (Fig. 12).
The distance between the dummy and the substrate was
2 mm. Simultaneously, the excess GaAs source
material floating on the surface of the solution was
removed. Then epitaxial growth of the first layer
was started at 749 c by pushing sliders 1 and 2 at
the same time. After a specified time period, the
same process was repeated for the growth of each
successive layer until the process was completed.
Then the Ga solution was wiped off and epitaxial
growth stopped.

The epitaxial wafer was then cleaved and stained
to show the interface between the layers. The thickness
of the thick epitaxial layers was measured using an
optical microscope. The thickness of the thin layers

was determined from the carrier concentration profile,
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which was obtained by a conventional differential

L46)

capacitance technique .

3,4, Results and Discussion for Multiple-Layer Grpwth
3.4.1., Control of local supercooling

The time dependence of local supercooling at the -
bottom of the Ga solution ( ATb ) is shown in Fig. 1k4.
Growth time is represented by the corresponding cooling
range. The dummy crystal is touched to the Ga solution
at the saturation temperature (744 %) and cooled at a
constant cooling rate of 0.2 C/min. But the substrate
is still not touching the solution.

As cooling proceeds, the local supercooling of
the thick solution increases by the same degree as the
cooling range. But the local supercooling becomes
saturated for solution thicknesses 0.5 and 3 mm in
Fig. 14. The turning point corresponds to a cooling
time t=W2/D. Therefore, local supercooling before
contacting the substrate can be kept constant if the
cooling time after contacting the dummy crystal is

selected to be greater than WZ/D. This feature is
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an advantage in the thickness control of the multiple
layers grown by the successive growth.

The relationship between the saturated values of
the local supercooling at the bottom of the solution
(AT ) and solution thickness was calculated at
744 C for a cooling rate of 0.5-2.0 C/min and is
shown in Fig. 15. Growth conditions employed for
the calculation are as follows : saturation temperature,
756 %; contact temperature for dummy crystal, 750 c.

It is seen from this figure that the local supercooling
ATb is roughly proportional to the cooling rate and the
second power of the solution thickness. Therefore,
maximum supercooling in the solution, i.e. local
supercooling at the bottom of the solution ATb, can

be kept constant against time at a desired value,

It is important to select a cooling rate and solution
thickness which satisfy the conditions whereby the
product aW2 is less than a critical value. This is
necessary so that the maximum supercooling in the
solution is kept less than the critical supercooling
(6 C) and the Ga solution is kept free from Gahs

precipitates.
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5e4e2. Layer thickness

The thickness of the first layer as a function of
growth time is shown in Fig. 16. The curves are
calculated results and the solid circles are experimental
data. Curves (a), (b), and (c) correspond to the
following three cases : (a) diffusion only with a
dummy crystal, (b) boundary layer diffusion with a
dummy crystal under solution stirring, and (c) diffusion
only without dummy crystal ; the cooling range before
touching the substrate is 1% for all cases. In the
calculation of case (b), the existence of solution
stirring is assumed and a diffusion boundary layer of
O.4 mm is used for both the dummy and the substrate
crystals to get a good fit with experimental data.
Cases (a) and (b) correspond to the present improved
LPE and case (c) corresponds to the conventional one.

It can be seen from this figure that there is
only a slight difference between curves (a) and (b).
Moreover, the experimental results agree well with
curves (a) and (b)., When the solution thickness
is smaller than the diffusion length of As, the
epitaxial layer thickness is mainly limited by the

maximum thickness which can be obtained from a finite
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30)

solution . As the cooling range is much larger than
the initial supercooling in Fig. 16, the decrease in
the local supercooling by stirring has only a slight
effect on the layer thickness. By comparing curves (a)
and (c¢), it is seen that the thickness of the epitaxial
layer can be halved in the same growth time using this
LPE method.

The thickness of the second layer as a function
of growth time is shown in Fig. 17. The second layer
was grown on the first layer (buffer layer for the
GaAs FET's), which was about 9 um in thickness. 1In
this figure, the solid circles show the experimental
results and the curves represent the calculated results
for three cases : (a) diffusion only with a dummy
crystal, (b) boundary layer diffusion with a dummy
crystal, and (c¢) the conventional method, i.e.
semi-infinite solution., As the second solution was
cooled more than the critical supercooling, GaAs
platelets should be present due to homogeneous
nucleation when the solution thickness is semi-
infinite. Accordingly, uniform supercooling of 6 C
is assumed for case (c).

In Fig. 17 there is a difference between curves

(a) and (b) because the cooling range is not large
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enough. It is also shown by Figs. 16 and 17 that
the difference between curves (a) and (b) is roughly
independent of time when t>W"/D. In Fig. 17, the
experimental results coincide well with curve (b),
which was obtained assuming that the boundary layer
thickness is 0.46 mm. This suggests the existence
of stirring, which may be caused by the unstable
density differenceaq’Bq) in the solution.

The thickness dependence of the third layer on
the growth time was almost the same as in Fig. 17.
This is because the amount of cooling during the
growth of the second layer was less than 2.5 .
In addition, the local supercooling at the bottom
of the solution was kept constant during the small
temperature drop due to the existence of the dummy

crystal.
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L. LIQUID PHASE EPITAXY OF TERNARY Ga-Al-As

L.1., Phase Diagram

The analysis for the LPE of binary Ga-As system
has been extended to the LPE of ternary Ga-Al-As
system. The phase diagram of the ternary system is
given by the following equations
Yaa Yas

b NogNps a1 51
YGa YAs

1l-x =

exp{ AsgaAs (TgaAS-T)/ROT_}, veeea(33)

Y. Y
- Al 'As

X = b Ny Ny 51
Ya1 Yas

eXp{ ASilAS (TXIAS-T)/ROT} , ceneo(34)

under the restriction :
N, + N, +N,_ =1, ceees(35)

where vy and N are the activity coefficient and the

mole fraction of the indicated element in the liquid,

F

x the mole fraction of AlAs in the solid, AS" the
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entropy of fusion for GaAs or AlAs, T the temperature,
and RO the gas constant. The activity coefficients for
a ternary liquid are given by the following equation

and cyclic permutation of the indices,

2 2

Nps * %gan1 a1 * (%gans

ROT in YGa = %GaAs

= %p1as * %gan1) Nas Npp oo ceee(36)
where o is the interaction parameter of the indicated
system., Thermodynamic parameters used in the phase
diagram calculation, which were obtained in the

47,48)

literature , are listed in Table 1.

The equations (33) and (34) are so complicated
that the isocaluminum curves of As mole fraction was
approximated as below in order to reduce computer

time

Ny = Ky (N,q) exp(=Aq(N,1)/T), ceses(37)
where

K (N, ) = 464k + 1.56x10° N,T*% - 1.35x10' N6

Al Al
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Table 1. Thermodynamic parameters used in the

calculation of the Ga-Al~As phase diagram.

Ga-As | Al-As |Ga-Al
Temperature of Fusion 1511 2043
TP (K)
Ent:;opy of Fusion 16.64 15.6 —
S (eu)
Interaction Parameter 916 T +5160 55T-6390 | 104
o (cal/mole) | |
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Al(NAl) =[1.96 - O.524{exp(-1+38.6 NAl)
+exp(-86.26 NAl)}} x10% .

In the region of 700-850 C and Ny, <1 %, this
equation is a good fit to isocaluminum curves calculated
using egs.(33) and (34).

The temperature dependence of NAs was also
calculated using Egqs (33) and (34), as shown in
Fig. 18. The curvés in this figure were again
approximated in order to represent the Gal-xAleS

layer thickness :
NAS = KZ(X) eXp(-AZ(X)/T), 00000(58)
where

Ka(x) = K (1-x) exp( 0.83x + 0.36X2 ),

0

Ky = b6k x 10°,

a,(x) = Ay (1 + 0.055% + 0.024x°),

o)

and
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Ay = 1.31 x 10" deg.
This equation gives a good fit to the curves in Fig,.

18 in the region of 700-850 C and 0<x <0.8.

L.2. Boundary Conditions

A numerical method is applied to solve the
one~-dimensional diffusion equation taking into
account the complicated boundary conditions which
will be described later. The diffusion coefficient
of Al and As in the Ga solution are both assumed to
be equal to 5}{].0-'5 cma/sec.

A simple initial condition of uniform liquid
composition is assumed. At the solid-liquid interface,
the following principal assumptions were made : (a)
liguid and solid are in an isothermal condition
and (b) the reaction kinetics are fast enough so
that the liquid at the interface is in equilibrium
composition. It is also assumed that there is no
homogeneous nucleation in the solution.

A schematic phase diagram of the Ga-Al-As

system and AlAs mole fraction in the solid are shown
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in Fig. 19. The composition of the Ga solution
saturated at temperature T 1is denoted as A 1in
Fig. 19. When the temperature drops to T=-AT' in
a small time increment, local liquid composition at
the interface varies to a point on the isotherm
corresponding to the temperature of T-AT'. The
equilibrium AlAs mole fraction on the isotherm BC
is shown in Fig. 19. On the other hand, the AlAs
mole fraction of the layer grown by cooling from A
to a point on the isotherm BC can be calculated
using the diffusion limited growth model and is
also shown in Fig. 19.

Tt is clear from this figure that point D
satisfies the boundary condition. Whenever the
growth time is increased by a small time increment,
the new local liquid composition at the solid-

liquid interface is determined as mentioned above.

L.3. Convenient Approximation for the Layer Thickness

Now the crystal composition in the grown layer

and the layer thickness can be calculated using the

boundary conditions described in Section 4.2.
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However, it is still meaningful to express the
Ga,_, Al As layer thickness as a function of the
growth conditions in order to predict the layer
thickness easily.

As will be shown in the following section,
the variation of crystal composition in thin

Ga AlXAS layers grown using a thick solution is

1-x
less than about 10 %, so that it may be assumed that
the crystal composition in the layer is constant.
Then the temperature dependence of As saturation
concentration}can be approximated by the simple
exponential dependence given by Eq. (38). |

When x=0 the As saturation concentration is
approximated by an exponential dependence which
can be obtained by substituting x=0 into Eq. (38).
Therefore, the epitaxial layer thickness of GaAs

(L ) for a short growth time (t) and for a

GaAs
semi-infinite solution (solute diffusion length

30)’

much less than solution thickness) is given by

oy Ky po1/2lf -2
Leass =f2Ao“—c: ) }fTo eXP<-Ao/T>}

{AT t1/2+—§—-a t5/2}, eeea(39)
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where TO the growth temperature, AT the initial
supercooling, a the cooling rate,,CS the As-
concentration in solid, D the diffusion coefficient
of As, and oy the conversion factor (aL=CAS/NAS where
CAs is the As concentration in liquid). Therefore,
epitaxial layer lhickness of Ga,__Al As [for a short
growth time and for a semi-infinite solution can
be obtained by substituting K(x) for KO and A(x)
for AO in Eg. (39). Thus, the ratio of the epitaxial
layer thickness LGaAlAs/LGaAs can be expressed
as follows,
' _ 2
LGaAlAs/LGaAs = (1-x) (1 + 0.055x + 0.024%x7)

exp( 0.83x + O.56X2 )

exp(-l.31X104(0.055X+O.024X2)/TO).

.....(L}O)
Equation (40) represents the dependence of the layer

thickness on crystal composition X.
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L.4es Crystal Composition

Variations of crystal composition with epitaxial
layer thickness for cooling rates of 0.5 to 4.0 C/min
are shown in Fig. 20. The initial liquid composition
used for the calculation is one typically used for the
fabrication of double~heterostructure laser diodes.
Initially, 3 mg of Al was dissolved in 4 g of Ga,
then the solution was saturated at a temperature of
?75‘b using a 2 mm thick solution.

The inhomogeneity of crystal composition can
be improved by choosing a slow cooling rate. This
is similar to the result obtained by Crossley and
Smallqg).

Variations of crystal composition with layer
thickness for a solution thickness of 0.75 to 6.0 mm
vare shown in Fié. 21, The initial liquid composition
is the same as fhe one used in Fig.20. The epitaxial
growth was started at a saturation temperature of
775 ¢ using a slow cooling rate of 0.5 C/min.

The magnitude of the variation in the crystal
composition increases as the solution thickness
decreases. The variations of crystal composition in

the layers grown from 3 mm and 6 mm thick solutions
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are the same because the solution thickness is
greater than the diffusion length of Al and As, i.e.
these solution thicknesses can be regarded as semi-
infinite., In the case of 0.75 mm and 1.5 mm thick
solutions, the curves separate from that of the semi-
infinite solution at a point where the diffusion
length of the solute is roughly equal to the solution
thickness. Consequently, a thin solution is not
suitable for growing Gal_XAlXAs crystal with uniform
AlAs composition along the layer thickness, although
it is successfully applied for the growth of thin
epitaxial layer827’50).

The variations of crystal composition with the
layer thickness for initial supercooling of O to
6 T is shown in Fig. 22. The amount of Al dissolved in
the Ga solution is the same as that in Fig. 20.
The epitaxial growth was started at 775 C using a
slow cooling rate of O.2‘b/min and a solution of
2 mm thick. The solution was saturated at O to 6 C
above the growth temperature (775 C) corresponding to
the initial supercooling.

An epitaxial layer of Gal_XAles with a uniform
AlAs composition can be produced by increasing the

the initial supercooling. This is because a small
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temperature drop is needed to obtain an epitaxial
layer a few micrometers thick when the initial
supercooling is increased.

The effect of the growth temperature on AlAs
composition variations was‘examined. However, the
variations of crystal composition around x=0.3 were
almost the same as the ones at 775 T in the

temperature range of 700-850 C.

4L.5. Layer Thickness

The dependences of Gal_XAles layer thickness
on the growth temperature, the initial supercooling,
the cooling rate, and the growth time were very

30) except for a factor

similar to those of GaAs
which depends on the AlAs mole fraction. This is
easily understood from Egs (39) and (40).

In Fig. 23, curves (a) and (b) show the
dependences of the layer thickness on crystal
composotions calculated by numerical methods
and by Egs. (39) and (40), respectively.

Experimental results are also shown in this figure.

Growth conditions employed for the calculation
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and the experiment are as follows : initial supercooling,
1.2 C; growth temperature, 699 ©; growth time,
210 sec; solution thickness, 5 mm; and cooling
rate, 0.6 C/min.

It is seen from this figure that the Ga,_ Al As
layer thickness decreases as X increases. Curves
(a) and (b) in Fig. 23 are roughly proportional
to (1-x). This means that the layer thickness is
slightly influenced by the increase in the slope of

the curves in Fig. 18 but is mainly influenced by the

decrease in As solubility in the solution.
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5. APPLICATIONS TO SOME DEVICES
5.1. GaAs TEO Diodes
5.1.1.  Growth apparatus and procedure

Multiple layers of GaAs with an n —n-n" structure
for TEO (Transferred Electron Oscillator) diodes were
grown in a single operation. In the experiment, three
kinds of Ga solutions were used : one was a lightly
doped solution for a high purity active layer, which
consisted of Ga (6-9's grade), undoped GaAs (n=4x1016
cm_B), and a small fraction of tin ; the second was
a heavily doped solution for a low resistance layer,
which consisted of Ga and Se-doped Gals (n=1x1018 cm_B);
and the third was a newly introduced purging solution
of the same composition as the lightly doped solution
for the active layer. The purging solution was put
in the hole between the heavily doped solution and
lightly doped solution.

The substrate crystal with (100)-orientation and
doped with Te, Sn, Si, or Se to an electron concentration

of about 10*° cm™> was mechanically polished and

chemically etched in a L4:1:1 solution of H2804:H202:H20.
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After the substrate was loaded, the system was heated
at 800 C for more than 30 min. Then the system was
cooled at a constant rate. The first n+ buffer layer
of a few micrometers was grown on the substrate by
sliding the heavily doped solution onto the substrate
Then the substrate was contacted with the purging
solution and the solution remaining on the substrate
was washed by the purging solution. By this washing
process the carrier concentration change caused by the
carry over of the Ga solution for n+ buffer layer was
minimized. Then an n-active layer and an n+—contact
layer were grown one after another. After the last
n’ layer was grown, the solution was removed and the

system was cooled rapidly to room temperature.

5.1.2., Bpitaxial layer doping profile

In this section, LPE of high purity GaAs and
doping studies with Sn will be described. For the
control of carrier concentration in the region of
1012-10%0 ¢n™>, the residual impurities need to be
lower than the desired carrier concentration. As

small air leaks produce significant residual
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carrier concentrations, a leak-tight gas supply
system was ﬁsed. The dew point and the O2 concentration
in the H2 gas were less than —70‘@ and 0.04 ppm.

The growth temperature and preheat temperature
have a large effect on the residual carrier
concentration. The variation of residual carrier
concentratibn as a functiqn ofvgrowth temperature is
shown in Fig. 2L, The preheat temperature is 800 T
in this figure. The variation of the residual
carrier concentration as a function of preheat
temperature is shown in Fig. 25. In this figure,
growth temperature is 20 € lower than the preheat
temperature. These figures show that major impurities
can be removed by volatilization into the H2 stream.
Moreover, Fig. 24 shows that low growth temperature
is required to minimize the residual impurities.

The highest mobility obtained in this experiment was
9,000 cma/V-sec at room~-temperature, and 130,000
cma/V-sec at 77 K. The electron concentration of
the epitaxial layer was controlled in the region of

1012-1016

cm™> by the amount of Sn in the Ga solution.
As the n layer was grown immediately after the growth
of the n+ buffer layer, the n layer was unavoidably

doped by the remaining heavily doped solution on the
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crystal, and the electron concentration of the n layer
varied from sample to sample. An example of an n
layer grown on an n+ buffer layer without the washing
process is shown in Fig. 26 (a). The electron
concentration of this layer was expected to be lower
than 1072 cm™. As is obvious from this example, the
control of the electron concentration in the active

16

layer is impossible below 10 cm-3 because of
contamination from the heavily doped solution. In
order to control the electron concentration below

1016 cme

, purging solution was placed between the
solution for the n+ layer and that for the active
layer, By this purging solution, the surface of the
buffer layer was washed and the carry over of the Ga
solution was minimized. Figures 26 (b) and (c) show
typical electron concentration profiles of multiple
layers grown by the improved successive LPE,

From these figures, it is seen that the electron
concentration is quite uniform in the active layer,.
and the dip in the electron concentration profile52’53)
at the interface between the active layer and the n+
layer is not observed. Moreover, the change in

carrier concentration is steep at the interface.

The thickness of the transition region is less than
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0.3 um. The dependence of the electron concentration
of the active layer on the concentration of Sn in the
Ga solution is shown in Fig. 27. In this figure, the
two solid lines show the average values at growth
temperatures of 780<b and 730 C. The broken line
shows the 20 % deviations from the average to indicate
the amount of scattering. From Fig. 27, it is apparent
that the electron concentration of the active layer
can be controlled with an accuracy of better than
20 % by introducing the washing process.

From the dependence of electron concentration
on the amount of Sn added to the Ga solution, the
segregation constant of Sn in GaAs can be obtained by
a similar method used for Te and Se54). It was
estimated to be ZL.leO"LF when the growth temperature
was 780(b, and 8.2}:10-5 when the temperature was 730¢b.
Figure 28 shows the temperature dependence of the
segregation constant. The segregation constant of
Sn and its temperature dependence obtained here
agree well with the ones estimated from the data

8,55)_

reported elsewhere
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5.1.3. Properties of the TEO diodes

Half of the four-layer GaAs crystal made by the
improved method was used for crystal evaluation,
while the remaining half was used to make TEO diodes
in order to judge the quality of the crystal from an
applicétional point of view. Typical properties of
the TEO diodes are listed in Table 2. These diodes
were superior in efficiency to diodes made by the
convéntional method (LPE without buffer layer) in the
10, 30, and 50 GHz bands. A maximum cw output power
of 67 mW was obtained at 57 GHz with an efficiency
of 3.1 %. This can be mainly attributed to the steep
transition in the electron concentration at the

interface between the n and n+ layer.
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5.2. GaAs DDR IMPATT Diodes
5.2.1. Fabrication technique

Multi-layer crystal structures for GaAs DDR
(Double-Drift-Region) IMPATT diodes”®257) were made
by LPE in one heat cycle using a sliding graphite boat.
Figure 29 shows the cross sectional view of the boat.
Thevupper pért of the boat with four compartménts caﬁ
be moved on the lower part of the boat; One of the
compartments contains Ga solution doped with Sn, and
two others contain Ga solutions doped with Ge. The
purging solutionB) in the fourth compartment was used
to prevent cross contamination by washing the surface
of the epitaxial layer before the growth of p-layer.
By introducing this washing process and selecting
dopants with low vapor pressure, the contamination
was kept minimum.

In case of the diode with p+-p-n-n+ structure,
Au/7Zn was evaporated on p+ layer, and Cu or Au was
plated on the evaporated metal to a thickness
sufficient for a heat sink58’59). Then the Gals
substrate wgs mechanically and chemically thinned to

a thickness of 20-30 ym. The n side contact was made
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with Au/Ge/Ni and the wafer was etched to circular
mesas. Then the diodes were separated by cutting the
heat sink. In the diodes with metal-p-n-n' or |
metal-p-p+-n+-n-n+ structure, after the p-layer
thickness was adjusted to the appropriate thickness,
Pt was evaporated on the p-layer for the contact.

" The other process were the same as for diodes with

+ +
P -p-n-n structure.

5.2.2. Carrier concentration profile

The carrier concentration profile of the DDR
diode with a p-n-n+ junction structure was measured
by the differential capacitance methodqé). For the
n layer, the electron concentration profile was
obtained using the Schottky barrier made by evaporating
Au onto the step etched surface. For the p layer,
the hole concentration profile was determined from
the electron concentration profile of the n layer
and the measured effective carrier concentration
of the p-n junction. The effective carrier
concentration of the diode was about 2.1x10%6 cm™>

and its profile was uniform. The carrier concentration
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profile of the diode was shown in Fig. 30. It is
seen that the p and n layers have carrier concentrations

of 3.6x1016 cm™> and 5.0X1016 em™

respectively, and
the p-n junction is very steep. The estimated space
charge width was about 1.0 um for the p layer and
0.7 um for the n layer in this case.

The carrier concentration profile of the p

60)

and n layer of the hyper-abrupt diode was also
examined by the method mentioned above. But the
carrier concentrations and the layer thickness of
the n+ and p+ layers at the p-n juncfion of the
diode were so difficult to measure that a carrier
concentration of leO17 cm_3 was assumed for both
layers from the data of crystal growthlcondition
to estimate the thickness of these layers from the
results of breakdown voltage measurements. The

16

carrier concentrations were 4.1x10 cm-3 for

16 cm™> for p layer. The thicknesses

n layer and 3x10
were 1.52 um for n layer, about O.15um each for
the n' and p+ layers and O.6um for p layer.

These values were close to the designed ones57).
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5.2.3. High frequency characteristics

High frequency characteristics of the DDR diodes
were examined in a waveguide circuit. The contact
to the diode was made by a metal cap that formed a
radial cavity between the cap and the base of the
waveguide. Tuning was done with a variable short
and an E-H tuner. An example of high frequency
characteristics of the DDR diode with the p+—p—n-n+
“structure is shown in Fig. 31. It is seen from this
figure that the microwave oscillation begins at low
current level, which is thought to be evidence of
DDR operation. The output power and efficiency are
1,220 mW and 15.6 % at 21.2 GHz respectively.
Typical high frequency characteristics are tabulated
in Table 3 for the DDR diodes with three kinds of
structure : p+—p—n—n+, metal—p—n—n+, and
metal—p-p+—n+-n-n+ structure. From Table 3, it is
seen that the high frequency results of the DDR
diode with the hyper-abrupt junction are not as
good as those of the diode with uniform structure.
The discrepancy from the expected results is not yet
understood.

The efficiency of the DDR diode with p+-p—n-~n+
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Table %3, High frequency performance of Gahs

DDR IMPATT diodes.

Structure Pout (mW) |Freq(GHz)| N (%)

p*-p-n-nt 1220 21.2 15.6
M-p-n-n* 870 23. 4 9.0
370 28.1 7.0

M- I SR,
P=p=n=n-n"1 .45 27.1 7.9
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structure was almost the same as or a little better
than that of the SDR (Single Drift Region) diode.
This is because of series resistance mainly arising
from the unswept p region. The reproducibility of
the p layer thickness by the LPE of this work was
about 0.25 ym, and this was not sufficient for a
decrease in the unswept region. By improving LPE
techniques, DDR diodes with higher performance might

be obtained with p+—p—n-n+ structure.

5.3. GalAs MESFET s
5.3.1. Growth technique

The GaAs MESFET (Metal Semiconductor Field Effect
Transistor) requires a very thin active layer of O.3um.

61)

Moreover, a buffer layer ‘is required for the
improvement of the inferior crystalline property of
the semi-insulating substrate and an n+ cap layer for
obtaining good ohmic contact. But the successive

growth of multiple layers including submicron thickness

is very difficult in the conventional LPE method
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because a large growth rate is produced by a fairly
supercooled solution. This problem was solved by
controlling the supercooling. The new technique has
been described in detail in Chapters 2 and 3.
Carrier concentration of the n+ and n layer
were controlled by Sn doping. The high resistivity
buffer layer was not intentionally doped. Volatile
impurities were eliminated by baking the Ga solution
in high purity hydrogen. By introducing the baking
process, a high resistivity layer of O.5-1.OX104

Q=-cm was reproducibly obtained.

5.3%.2. Properties of LPE crystal

The carrier concentra?ion profile of a wafer for
a GalAs FET is shown in Fig. 32. The change in the
carrier concentration was abrupt. Variations in the
carrier concentration of the active layer were less
than +5% and those in layer thickness were less than
+0.,0% um.

The advantage of using a buffer layer is

demonstrated by the comparison of static I-V curves.
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As shown in Fig. 33, if the active layer is directly
grown on the semi-insulating substrate, hysteresis
and irregular curves are observed. The I~V curves
of the GalAs FET with buffer layer are close to the

ideal ones.
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5.4. InGaAsP/InP Double-Heterostructure Injection

Lasers
S5e4els Growth and fabrication procedure

The LPE growth technique for the InGaAsP/InP
DH (Double-Heterostucture) injection lasers62’63) is
basically the same as the one described in Chapters 2
and 3. The present structure consisted of a quaternary
active layer, a p-InP confining layer, and a quaternary
cap layer. These layers were grown from In solution64)
on an n-InP substrate with (100) orientation by
successive LPE., The alloy composition of the InGaAsP
layers were selected to provide lattice match with the
InP substrate65).

In order to stabilize the transverse mode of the
InGaAsP/InP laser, a rib-waveguide structure66) was
introduced. For this structure, channels (width, 3-20
um; depth,0.03-0.1 um) were formed on the surface of
the substrate., Then an undoped quaternary active
layer, 0.3 to 0.5 um in thickness, was grown directly
on the grooved substrate. A conventional planar

stripe laser with an InP buffer layer was

also fabricated for comparison with the rib-guide laser.
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The n~-type (Sn doped) and p-type (Zn doped) InP
layers were doped to concentrations of about
2x10%8 cp3 according to published data67’68). The
growth temperature was 630 € and the initial
supercoolihg was selected to be large enough for
obtaining uniform crystal composition69).

Zn was diffused down to the p-InP layer for
current confinement. Then the wafer was lapped on
the substrate side to reduce its thickness to about
100 um. Contacts made of Au-Zn and Au-Sn were applied
to the p-InP epitaxial layer and n-InP substrate,
respectively. The wafer was then cleaved to make
diodes with Fabry-Perot cavities of 300 um length.

The cw deviees were mounted with the p-side down

onto a Cu heat sink with In solder.

5.4.2, Optical properties

Room-temperature cw operation of InGaAsP/InP
DH lasers at the wavelength of 1.15 ym has been a
achieved with rib-guide7o) and planar stripe lasers.
An example of the output power from one facet of the

rib-guide laser as a function of input current is shown
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in Fig.34. The output power was measured at 500 K with
a calibrated Ge detector. The threshold current is

370 mA (J,,=6 kA/cn”), which is about 12 % higher than
that for pulsed operation. Above the threshold, kinks
were not observed in the output power-input current
characteristics at least up to 1.5 times threshold
under pulsed operation. The differential quantum
efficiency np was about 9 % for cw operation. For
pulsed operation at a low duty cycle of the diode of
Fig.34, differential quantum efficiency n, was 35 %.
The increase in threshold current and decrease in
differential quantum efficiency with increasing duty
cycle are attributed to heating. Since the temperature
dependence of the threshold current was not very

good compaired to a typical GalAs/GaAlAs laser, change
in the junction temperature has considerable effect

on the threshold current. When the temperature
dependence of the threshold current is shown by

I,, o< exp(T/T

th O)’

the value of T~ was 70 K in the InGaAsP/InP laser.

0
The low value of TO seems to be attributable to a

lower barrier height than that of typical GaAs/GaAlAs
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laser at the InGaAsP/InP heterojunction at the wavelength
of 1.15.um.

The cw lasing spectra obtained for the same diode
at various dc input current levels are shown in Fig. 35.
The diode radiation was detected with a cooled S-1
photomultiplier.

Many modes are seen at slightly above the threshold
current, but increasing the input current makes the
lasing power concentrate mostly to one mode. As the
input current increases, the lasing mode shifts to
the longer wavelength., This is due to the rise in
junction temperature.

Room temperature cw operation of the InGaAsP/InP
rib-guide lasers7o> at a wavelength of 1.15 um has
been demonstrated. These lasers exhibit a kink-free,
transverse fundamental operation up to at least

1.5 times threshold.
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6. CONCLUSIONS

Liquid phase epitaxy of thin GaAs layers has
been investigated both experimentally and theoretically.
The diffusion limited growth model has been applied to
the analysis of LPE of the binary Ga-As system. The
analysis has been extended to the ternary Ga-Al-As
system., Moreover, the LPE of quaternary InGaAsP
has been carried out. The quality of the LPE layers
has been examined by fabricating various devices. The

main results obtained in this work are as follows

1) The diffusion coefficient of As in Ga solution
and the critical supercooling in the Ga-As system
were found to be 5X1O-5 cmz/sec, and 6 C at

g2 <b, respectively.,

2) Excellent agreement between calculated and
experimental results indicates that the diffusion
limited growth model is a sufficiently good
approximation for the LPE of GaAs and related

alloys,

%) The thickness of the epitaxial layer could
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L)

5)

6)

,7)

8)

be controlled by five growth parameters : initial
temperature, initial supercooling, cooling rate,

solution thickness, and growth duration.

The dependences of Gal_XAlXAs epitaxial layer
thickness on growth parameters are similar to
that of GaAs except for a factor which is roughly

proportional to (1-x).

By introducing a dummy crystal on the top
surface of thin solutions, the initial
supercooling, which has been almost uncontrollable,

has been successfully controlled.

Reproducible growth of multiple layers, including
submicron layers, could be achieved by controlling

the initial supercooling,

The epitaxial layer of Ga;_,Al As with a uniform
crystal composition was obtained by increasing
the initial supercooling and solution thickness

and choosing a slow cooling rate.

The following devices were fabricated for the
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evaluation of the epitaxial layers : GaAs TEO
diodes, GaAs DDR IMPATT diodes, GaAs MESFET's, and
InGaAsP/InP DH lasers. The good performances of
these devices show the successful achievement of
controlled growth in terms of structual, |
compositional, electrical, and morphological

perfection.
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