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Abstract

Effects of various growth conditions on surface morphology and
compositional non-uniformity of LPE (liquid phase epitaxy) layers of
In,Ga;_,As,Pi_, (¥<0.01) on (100) GaAs are studied. (1) Growth
conditions to obtain a smooth and uniform layer is found from results
of change in the surface morphology. (2) The interface instability
occurring under an undercooling condition in LPE process is studied
by means of analysis of Fourier spectra of the surface morphology.
(3) Compositional nonuniformity of InGaAsP LPE layers are investi-
gated by means of the precision X-ray diffractometry. The compo-
sitional variation taking place at the initial growth stage during several
seconds is found. The variation at the initial stage is analyzed
theoretically by “growth lines” on an In-Ga-P phase diagram due to the
diffusion-limited growth model by comparison with the experiments.
Growth conditions to minimize the compositional variation is proposed.
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1. General Introduction

ITI-V alloy semiconductors have recently received much attention because
epitaxial alloy layers lattice-matched to binary compound substrates such as GaAs
and InP can cover a wide range of the band gap and can thus be used to form
multilayered heterojunction optoelectronic devices (light emitting diode, laser diode,
photodetector, etc.). The alloy system In,Ga;_,As,P;_, is particularly recognized
as an important material in the fabrication of optoelectronic devices because of
interest for application of fiber optical communications.

However, important problems have been left unsolved on alloy semiconductors
with the range of band gaps of visible light, that is, the problems of immiscibility,
compositional non-uniformity, crystal imperfection, control of heterojunction, etc.
have not been resolved, and then how to relate between these phenomena and
crystal growth mechanism is not also understood.

In this paper, effects of growth conditions on surface morphology and compo-
sitional non-uniformity of LPE (liquid phase epitaxy) layers of In,Ga;_,As,P;_,
(y<0.01) on (100) GaAs are studied. This quaternary alloy is one of the most
promising materials for visible emitting devices because of its direct wide energy
gap of about 1.9 eV.

Chapter 2 deals with effects of growth conditions on surface morphology of
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InGaAsP LPE layers on (100) GaAs substrates and growth conditions to obtain a
smooth and uniform layer is investigated.l?

Chapter 3 deals with interface instability occurring under an undercooling
condition in LPE process of InGaAsP on GaAs using analysis of Fourier spectra of
the surface morphology.2’

Chapter 4 deals with effects of various growth conditions on the compositional
non-uniformity of InGaAsP LPE layers on GaAs by means of the precision X-ray
diffractometry, and the compositional variation taking place at the initial stage is
studied.®?

Chapter 5 deals with analysis of the compositional variation at the initial stage
of the LPE growth by “growth lines” on an In-Ga-P phase diagram using the
diffusion-limited growth model.4

2. LPE Growth and Surface Morphology of In,Ga, ,As,P,_,
(< 0.01) on (100) GaAs

2. 1. Introduction

It is important to control surface morphology of the layers since surface
morphology affects the perfomance of the devices sevrly. There have been many
reports on the surface morphology of homoepitaxial layers such as GaAs/GaAs and
InP/InP but only a few on the surface morphology of heteroepitaxial layers such as
InGaAsP/InP and InGaAsP/GaAs5~9. It has been thought that surface morphology
in the InGaAsP/GaAs system depends on the melt composition,® 7> the initial
supercooling,5» 7> the growth temperature”’, the growth time5’ and the thermal
decomposition of the substrate$:®). A characteristic morphology with localized
growth was observed in InGaAsP layers on (100) GaAs substrates, but the
origins of the localized growth were not understood.

This chapter shows the effects of the growth time, the growth temperature
and the melt composition on the surface morphology of In,Ga;_,As,P;_, (¥<0.01)
LPE layers on (100) GaAs substrates to investigate the origin of the localized
growth of quaternary alloys and to determine growth conditions required to obtain
smooth surfaces.

2. 2. Experimental Procedure

LPE layers were grown by a conventional horizontal sliding-boat technique in a
stream of H, gas. A mirror polished (100) GaAs wafer doped with Si or Cr was
cut into a 6x8mm die and etched with a 2:1:1 mixture of H;SO,:H,0,:H,0 for
30 sec. The source melt was prepared from a mixture of InP, GaP and InAs
polycrystals and In metal. The Ga concentration in the melt (X4.') was varied
from 0.86 to 1.04 at ¢, while P and As concentrations in the melt were fixed at
Xp'=2.80 at % and and X,.!'=0.03 at %, respectively.

After the source melt had been kept at 800°C for 80 min, it was cooled at a
rate of 0.5C/min. The source melt was then applied to the substrate at an initial
growth temperature of 780C<T:'<790C. After a growth time of 1 sec to 10
min, the melt was wiped off and the boat was cooled rapidly so that the growth
layer would not suffer thermal damage. The growth method adopted was mainly
the supercooling (ramp cooling) technique, but step cooling was also used for
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comparison. The lattice constants of the quaternary layers were measured by
X-ray diffraction, and the lattice mismatch (4a/e) ranged from—0. 03% to 0.259%,
depending on X;,'. The quaternary layer had a band gap of about 1.9 eV Ap—
6,500 A).

The surface morphology was studied by photomicrographs, PL (photolumine-
scence) images and talystep hight profiles. The layer thicknesses were measured
from SEM images of the cleaved faces of the LPE layers.

2. 3. Results

2. 3. 1. Effects of Growth Time

Figure 2.1 shows photomicrographs of the epitaxial layers grown by the super-
cooling technique for various growth times #; of 20 sec to 6 min at the initial
growth temperature 7' of 785°C. The surfaces of the layers grown for 7,<'3min
(Fig. 2.1 (a)-(c)) have ripples whose structure depends on tg, wWhereas smooth
mirror-like surfaces appear for #,>6 min (Fig. 2.1 (d)). In Fig. 2.1 (e), the
surface morphology formed by the step-cooling technique is also show for compa-
rison. In this, the growth temerature T, was kept at 785C. Even if ¢, is 10
min, the surface does not become smooth and has wider ripples than those of
Fig. 2.1 (a)-(0).

Fig. 2. 1. Photomicrographs of InGaAsP layers for various growth times
(a)-(d): by supercooling technique, (e): by step-cooling technique.

Figure 2.2 shows a typical example of the SEM image of (110) cleaved faces
along with its schematic illustration. This SEM image shows that the interface
between the grown layer and the substrate is not flat, and it has a wavy configu-
ration similar to the rippled surfaces. In addition, the substrate together with the
growth region appears on the surface. This indicates that GaAs substrate is
partially dissolved into the melt and InGaAsP layer partially grows simultaneously.

The height profile of talystep measurement was used to study the change in
the surface morphology. Figure 2.3 shows the profiles of the samples mentioned
above. For #,=20 sec, the surface has irregular fine ripples, and for te=1 min,
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Substrate
Surface InGaAsP

Zterfuce

S
7

(a) (b)

Fig. 2. 2: (110) cleaved face of a sample with rippled surface grown for
1 min at 789°C. (a) SEM image, (b) its schematic illustration.

it is nearly sinusoidal. For f,=3 min flat planes appear in the sinusoidal surface
and for #,=6 min the surface is completely flat. The width and height of the
ripples are defined in Fig. 2. 3. The width increases from 7 to 20 um with {;. The
height is about 0.25 pm for {.<3 min. However, the sample grown by the step
cooling technique has a height and width of about 1.5 and 30 pm, respectively, and
both are larger than the supercooling ones. These results suggests that the surface
morphology is not determined by the growth time but is related to the tempe-
rature during the growth because in the

supercooling technique the growth tempe-

rature decreases with increasing the growth Supercooling
time Iwm
. -
tq 20 pm
2. 8. 2. Effects of Growth @) 20sec YNV AN A

Temperature
Effects of the growth temperature

were studied by the supercooling technique (b} 1min /\/_m
at growth time f; of 1 min. Figure 2.4 WIDTH
(a)-(d) shows microphotographs of surfa-
ces of the layers grown at various T¢' of  (c) 3min TN VNS L
790 to 782.5C The surfaces for initial
growth temperature 7T.'>=785C have fine
ripples whose structure depends also on
Tet (Fig. 2.4 (a)-(c)), whereas for T,'<<
782.5C they are smooth and mirror-like
(Fig. 2.4 (d)). Talystep measurement (Fig.
2.5) shows that the width of the ripples () 10min
is increased from 6 to 13 pgm by decrea-
sing T¢" ) Fig. 2. 3. Talystep height profiles of
Fig. 2.6 shows the surface morphology surfaces of the samples shown
as a function of T, and f,. The melt in Fig. 2. 1 (a)-(e).

d) 6min

Step-cooling
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R Bt s
Fig. 2. 4. Photomicrographs of InGaAsP layers for various growth
temperatures, grown for 1 min by supercooling technique.

S l concentrations are X;,'=96.25 at%, Xg.!
upercooting prm =0.92 at%, X,'=2.80 at% and X,,'=0. 03
R

te=1min 70 pr atg. In the supercooling technique, the

( To 90T A AN temperature is lowered during the growth,
a)7 as shown by the vertical solid lines in
Fig. 2.6. Considering these growth tempe-
o rature shifts, we {find that a critical
(b) 787.5°C V\/V\\NV‘/\/V\/\/\V‘/\A temperature 7. separates the surface
morphology into two parts of a smooth
surface region and a rough surface region.
(c)785°C \/‘_’m T, is estimated to be about 784°C in this
WIDTH experiment. For T, >7., the surfaces have
ripples and are rough, whereas for T,<7.,
(d)782.5°C smoc?th gurfaces are obta-ined. If 'the
) ) . vertical lines cross the 7', line, the surface
Fig. 2. 5. Talystep height profiles of . 101000 showed an abrupt change. The
surfaces of the samples shown . .
P change in the morphology shows that the
in Fig. 2. 4. (a)~-(d).
morphology depends on the growth tempe-
rature rather than the growth time. In
the step-cooling technique, the same change in the surface morphology also occurs
at the critical temperature, as shown in Fig. 2.6.

2. 8. 3. Layer Thickness

To investigate the meaning of the critical temperature T., we studied the
variation of the layer thickness d as a function of the growth time #,, as shown in
Fig. 2.7. If T' is lower than 7, the thickness increases as 7,172, This suggests
that diffusion-limited growth plays an important role.%> 19 If this is the case, the
layer thickness is given in a simple formula as a function of growth time for a
dilute, semi-infinite solution!®, According to this model, #,1/2 dependence shows
step-cooling-like mechanism. Therefore, it is found that there exists effects of
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Fig. 2. 6. Variation of surface morphology with growth
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initial supercooling 47 on the growth thickness, as described by the formula
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Fig. 2. 7. Layer thickness of InGaAsP for various initial growth
temperatures as a function of growth time.
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where 4T is given as a difference between the equilibrium saturation temperature
T, and the initial growth temperature 7, that is, 4T=7,—7T. For T,=785C,
the layer thickness increases as £,3/2 for ¢,>3 min. If diffusion-limited growth is
assumed, the 7372 dependence of d suggests that the growth mechanism is equili-
brium-cooling-like.?>  Hence, there is no initial supercooling at 7T.'=7857C, in
agreement with the fact that T.'=785C >7T%,.

Figure 2.8 shows the dependence of the thickness on the growth temperature.
By extrapolating the straight lines, the equilibrium saturation temperature is
estimated to be T,=784'C. In the previous section, it was demonstrated that the
surface morphology is separated into two groups by 7. (about 784C). Thus 7T, is
thought to correspond to the equilibrium saturation temperature T,. Hence, the
change in the surface morphology is determined by the relation betweer 7, and 7.

Further experiments were made to detremine the degree of the initial super-
cooling 47T required to give smooth surfaces. By fixing T.! at 782.5°C and by
changing the soaking temperature from 783 to 784°C (The temperature is thought
to be the saturation temperature since it is lower than 7", mentioned above.),
several quaternary layers were grown by the supercooling technique, with the
growth time of 20 sec. Ripples appeared on the surface for 7,=783C (4T=0.5C),
but surfaces for T=784C (4T=1.5C) were smooth. Therefore, it was concluded
that the smooth surfaces can be obtained if 47T is as large as 1C.

2. 3. 4. Effects of Melt Composition

Effects of the melt composition on the surface morphology were also studied.
Figure 2.9 shows a map of the surface morphology as a function of 7, and Xg.b,
where X, and X! were kept constant at 0.03 at% and 2.80 at 9, respectively.
The morphology is also separated into two groups of smooth and rough surfaces
by the critical temperature. The surfaces are smooth for 7'.< 7., but rough for
T:>T., where T, increases with increasing Xg.!. The increase in 7, agrees well
with the increase in T because T, increases as the solute concentration increases.

2. 4. Conclusions
The effects of the various growth conditions on the surface morphology of

2 Tt T T T T
— L - Supercooling
£ L doc[;‘ﬂt‘g'2 B | O smooth
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Fig. 2.8. Layer thickness of InGaAsP grown Fig. 2. 9. Surface morphologies as a func-

for various growth times as a function tion of the initial growth temperature

of initial growth temperature. and Ga concentration in the melt.
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LPE layers of In,Ga,_,As,P;_, (y<0.01) on (100) GaAs were studied. The change
in the morphology is determined by the relation between the growth temperature
T, and the equilibrium saturation temperature 7, of the source melt, which is
equilibrium with the quaternary solid. The equilibrium temperature of the system
was determined by analyzing the growth rate for the qauternary layers. It was
found that the partial growth of the quaternary layer takes place on GaAs even at
T.>T,. This is supported by partial melt-back of the substrate. However, when
T.<T,, asmoocth surface is obtained if the initial supercooling 47 is as large as 1.

3. Characterization of Morphological Instability in InGaAsP
LPE Growth on GaAs by Fourier Analysis

3. 1. Introduction

It has been difficult to obtain a high-quality epitaxial layer of InGaAsP lattice
-matched GaAs substrate. This is primary because interfacial instability takes
place on the solid-melt (S-M) interface under a condition of a low supersaturation
or an undersaturation. Therefore, it is important to investigate the factors which
affect the morphology of the LPE layers on GaAs and the mechanism of the
interfacial instability.

In some hetero-structures of I[II-V compoundsa nd their alloys, a smooth
interface and/or a smooth surface can not be obtained by LPE growth because of
melt-back of the substrate or the layer grown previously. When the melt is
brought into contact with the substrate, the dissolution and the growth of the
solid take place simultaneously. These phenomena have been reported in various
hetero-structures such as InP on InGaAs,'D InGaP and InGaAsP on GaAs,!»5™7
and GaAlSb on GaSbh.12> A surface morphology characteristic to the partial growth
of the quaternary layer with the partial melt-back of the substrate was observed
in the InGaAsP/GaAs system, as described in chapter 2. The surface morphology
is supposed to be related to thermodynamical process due to interrelation among
two solid phases (InGaAsP and GaAs) and one melt phase (In-Ga-As-P) on the
S-M interface. There are few investigations concerning the interfacial instability
in the hetero-epitaxial growth, and so its mechanism is not well known.

In this chapter using a new method for characterization, Fourier analysis, the
surface morphology in the InGaAsP LPE growth on (100) GaAs substrate is studied
in relation to the growth conditions. Furthermore, the mechanism of the instability
is investigated in the light of the theory of the interfacial instability.

3. 2. Experimental Procedure

LPE growth of In,Ga;_,As,P;_, (y<C0.01) was carried out on an (100) GaAs
substrate using a step-cooling technique. The solute concentrations in In melt were
fixed at Xe'=0.92 atg, X.'=0.03 at % and Xp'=2.80 at Z. After the melt had
been kept at 800C for &0 min, it was cooled down to a growth temperature T¢
and touched with the substrate at a growth time 7.

The surface morphology depends strongly on the supercooling AT, which is
defined as the difference between the equilibrium saturation temperature T, and
Te. If 4T is larger than 1°C, a mirror-like smooth surface is obtained, while if
AT is less than 1°C or minus, the S-M interface is thermodynamically unstable and



192 K. Hiramatsu, I. Akasaki and N. Sawaki

the surface becomes rough because of the partial melt-back of the substrate., It is
important, therefore, to estimate the magnitude of 47 exactly in order to investi-
gate the origin of the rough surface in the hetero-structure.

In this chapter. in order to study the interfacial instability in the hetero-
structure the crystal growth has been carried out at higher temperatures than T,
i. e. under a condition of undersaturation (dT=T;—T¢<0C). The value of 7, has
been estimated to be about 784°C for the melt used from the relation between the
growth rate and the growth temperature obtained from the experimental results,
as described in Chapter 2.

3. 3. Characterization of Surface Morphology by Fourier Analysis

3. 3. 1. Method of the Analysis

Figure 3.1 shows photomicrographs of the surfaces grown by the step-cooling
technique for various growth times £, of 20 sec to 6 min. T was chosen as 786C
to fix the supercooling 47 of —2C Since 47 is minus, serious melt-back occurs
at the initial growth stage, and so peculiar fine ripples are seen on the surfaces.
To investigate the interfacial instability in detail the change in the surface mor-
phology was studied by using Fourier spectral analysis, which enabled us to
-characterize the surface morphology quantitatively. A talystep height profiler and
a signal analyser were used to measure the surface morphology. For the apparatus
used, the accuracy in the vertical and lateral direction was about 0.005 pm and 0. 2
pm, respectively.

Figure 3.2 shows typical traces for the height profiles obtained by the talystep
measurement for the surfaces of the samples as shown in Fig. 3.1. As f, is
varied from 20 sec to 6 min, the wavelength and the height of the rippled stru-
cture are increased. The analog data as in Fig. 3.2 were converted into the digital
ones by a D/A converter, and fast Fourier transformation (FFT) was carried out
using the signal analyser, The power Fourier spectra obtained by the FFT are
shown in Fig. 3.3 (a)-(d) as a function of the wave number k, which is defined as

Fig. 3. 1. Photomicrographs of LPE layers grown on (100) GaAs
substrates for various growth times.
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the reciprocal of the wavelength. The
sampling length along the surface was 2.4
mm and the number of the sampling data
was 3,072 for one FFT. As is shown in
Fig. 3.3, the Fourier spectra are distri-
buted in some range of the wave number
but have strong peaks near the center.
Therefore, for the convenience of the
characterization, we have used Gaussian
approximatively to express the spectrum,
A typical example of the approxmiate
Gaussian distribution is shown in Fig. 3.3
(c). By using a method of least squares
the average value %2 and the standard
deviation s can be calculated. Here, %
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Fig. 3. 2. Talystep height profiles of surfa-
ces shown in Fig. 3. 1.
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Fig. 3. 3. Power Fourier spectra of the surface morphology shown in Fig. 3. 2. (a)-(d).
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means a typical wave number in the surface morphology. The value of £-+3s
corresponds to a cutoff wave number, that is, a wave with a wave number larger
than k- 3s might not exist on the surface.

In order to check the reliability of this method, FFT was carried out for the
various numbers of the sampling data. Figure 3.4 shows % and s as a function of
the number of the sampling data. If the data number is 1, 024, the values of 2 and
s are scattered, but if the number of the data is larger than 3,072, the values of
% and s are independent of the number of the sampling data. In the following, the
analysis will be done by using 3, 072 points.

3. 3. 2. Effects of the Growth Time

In Fig. 3.5, the variation of the power Fourier spectra deduced from the deta
as shown in Fig. 3.3 are reproduced by using Gaussian distributions for various
growth times 7, of 20 sec to 10 min at a constant supercooling 47 of —27C. For
a short growth time less than | min, although the maximum of the distribution is
relatively small, the standard deviation s is large, i. e., the wave length is distri-
buted over the wide range between 8 and 80#m. These facts suggest that rippled
structure with random wave numbers including large ones is formed by the
intensive melt-back of the substrates at the initial stage. As the growth time
increases, waves with large wave numbers are less prominent, but those with small
wave numblers become predominant.

In order to investigate the spectra quantitatively, the variations of %, %--3s
and total power 7. P. are plotted as a function of the growth time, where T. P. is
defined as an area of the Gaussian distribution function and it means the square
of the amplitude of the wave according to the Parseval’s equality in Fourier trans-
formation. As is shown in Fig. 3.6 (a), % and 2-+3s decrease in proportion to
te~178. Therefore, the ratio of % and k-+3s is a constant independent of the
growth time, i. e., (+3s)/k is about 2.0. Figure 3.6(b) shows that 7.P. increases
with the growth time in proportion to #;2/3, i. e., the amplitude of the wave on
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Fig. 3. 4. The average wave number 7 Fig. 3. 5. Power Fourier spectra express-
and the standard deviation s as ed approximatively by Gaussian
a function of the number of the distribution as a function for

sampling data used in one FFT. various growth times.
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the surface increases as f,1/3. Thus some of the grains widely distributed at the
initial stage disappear, and others grow and incorporate into larger clusters, as
already shown in Fig 3. 1.
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3. 4. Discussion

The growth process of grains known as the Ostwald ripening was investigated
theoreticallly by Lifshitz!3) and Wagner.'¥) This process is concerned with preci-
pitation of grains in a melt phase, which is caused by the motive force to decrease
the interfacial free energy on the solid-melt interface. In this, some grains grow
but are later dissolved, and others increase in size and incorporate further grains.
This agrees well with the phenomena observed in the present InGaAsP/GaAs
system, i. e., the quaternary grains on the hetero-interface grow into larger clusters
with time, as shown in Fig. 3. 1.

The theory of the Ostwald growth process gives the distribution function of
the grain size as a function of the grain radius and the growth time.'3> According
to the formula given by Lifshitz1® and Wagner,!# in the diffusion-limited case
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the average grain radius 7 depends on time #, as
7oty l,

Since the grain radius corresponps to the reciprocal of the wave number %, this
formula agrees with the experimental result i. e. koct,~172. As described in the
previous section, the amplitude of the wave increases as #,1/3 since the total
power T.P. varied as #,2/3. This shows that the time dependence of the grain size
in the vertical direction as well as in the lateral one agrees well with the formula
of Lifshitz and Wagner. Furthermore, the theoretical grain radius is distributed in
some range with a peak near the center, and then the distribution function is
independent of time. This is in agreement with the present result that the rario
of the average wave number % and the cutoff %Z+3s in the Gaussian distribution
is a constant independent of time.

The agreement between the theory and experiments suggests that the Ostwald
process occurs on the solid-melt interface. Therefore, the mechanism of the
interfacial instability in the InGaAsP/GaAs system is attributed to the diffusion
of solute atoms along the interface to decrease the interfacial free energy which
is related to the interfacial free energy based on the grain size.

3. 5. Conclusion

The interfacial instability which occurred on the hetero-interfaces and surfaces
of In,Ga;_,As,P;_, (y<{0.01) LPE layers on (100) GaAs substrates was studied
using Fourier analysis of the surface morphology. This method enabled us to
characterize the wave number distribution of the surface morphology in detail
especially with rippled structure. It was found that the wave number is distributed
in some range with stronger peaks near the center. The average wave number
depends on time as £,71/3, and its amplitude depends on time as #,1/3. In the light
of the interfacial instability theory of the Ostwald growth process, the instability
in the hetero-structure was confirmed to be attributed to the diffusion mechanism
of the solute to decrease the interfacial free energy along the solid-melt interface.

4. Compositional Non-uniformity of InGaAsP/GaAs LPE
Layer by Precigion ¥-ray diffractometry

4. 1. Introduction

The quaternary II1-V alloy InGaAsP grown on GaAs has received much attention
as a material for visible lasers. In the device application of the alloy, one of the
most important properties is the compositional uniformity. In all alloys, however,
the compositional non-uniformity may occur. This nonuniformity is much serious
problem than the non-stoichiometry in the alloys. Thus, it is strongly desirable to
establish the method for measuring the compositional non-uniformity for each
alloy. A double crystal X-ray diffractometry makes it possible to study the alloy
composition precisely by measuring the lattice constant. In addition, the lattice
mismatch in the direction perpendicular as well as parallel to the hetero-interface
can be estimated from asymmetric reflections of X-ray.

Several authors studied the compositional non-uniformity of InGaAsP on
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InP using the double crystal X-ray diffractometry, and reported a compositional
variation,15:16> which was characteristic of short time growth (less than several
seconds).!®> This variation was supposed to be attributed to non-diffusion-limited
process such as a convection current due to a motion of a substrate or attachment
kinetics of solute atoms.!'®) But the details are not well uderstood, and it is
desirable to study the effects of the growth conditions especially at short time
growth on compositional non-uniformity.

In this chapter the compositional non-uniformity in InGaAsP (100) GaAs LPE
layers which were measured using the high resolusion double crystal X-ray diffrac-
tometry by (511) asymmetric reflection. The compositional variation is investi-
gated in relation to the various growth conditions such as the lattice mismatch,
the initial supersaturation, the temperature fluctuation, and phosphorus adhesion to
GaAs. The lattice deformation of the layers due to the lattice mismatch is also
shown.

4. 2. Experimental Procedure
Epitaxial layers of In,Ga;_,As,P;_, (y<0.01) were grown on (100) GaAs by
supercooling technique. Solute concentra-
tions in In melt were Xq,! of 0.86 to 1.04
at 95, X, of 0.03 at% and X' of 2.80 Gahs

at 95. After the melt was kept at 800, InGaAsp
it was cooled at a rate of 0.5C/min and eoi.
touched with the substrate at the growth % sub.
temperature T¢ of 776 to 786°C. The initial (400)
supersaturation 47° was determined as a
difference in T, and 7, (equilibrium
saturation temperature). The layer thick- % (i) —
nesses obtained were 1—2 pm. ) A
¥-ray double crystal rocking curves A-setting ('>
(called XRC's hereafter) were measured
for two arrangements (A and B settings) <H)
in (511) asymmetric reflection of CuKay \% =12
radiation as well as (400) symmetric (511) fﬂ.(,)
one.!”) The typical examples of the XRC's B-setting
are shown in Fig. 4. 1. The half widths of ) ; ) . . ,
the (511) A and (511) B peaks are about 2000 0 -200 -400 -600 -80O
a half of (400) ome. Furthermore, the 46 (sec)
XRC’s for the layers in the (511) reflec- Fig.4.1 X-ray rocking curves of InGaAsP/
tions exhibit two peaks ((i) and (ii)), GaAs for the (400), (511)A and (511)
suggesting that there is compositional non- B setting reflections. The layer was

grown at T'g of 780°C for 3 min by

uniformity in the epitaxial layer. In this
supercooling technique.

work the (511) reflections are studied in
detail.

4. 3. Results

4. 3. 1. Effects of Lattice Mismalch

In order to study effects of the lattice mismatch, Xq.! was varied. Figure 4.2
shows the XRC's of asymmetric (511)A reflection for various Ga concentration
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from 0.86 to 1.04 at %, while 47 was fixed at 4.0C and #, was fixed at 2 min.
Smooth mirror-like surfaces were obtained under these conditions. All XRC’s of
the layers are composed of two peaks ((i) (ii)) and the difference in the reflection
angle between both peaks is almost independent of Ga concentration. To investigate
the origin of this compositional non-uniformity, the (511)A XRC’s were measured
successively by repeating step-etching of the epilayer. The results are shown in
Fig. 4.3, which shows that the lattice constant varies during growth from the peak
(i) to (ii) along the thickness. The growth time to form the initial layer for the
peak (i) is estimated at about 5 sec from the growth rate.

The lattice deformation of the layer due to the lattice mismatch was calculated
from the XRC’s of the (B11)A and (511)B settings.15:1" Fig. 4.4 shows the
results. The vertical axes are the lattice mismatch and In atomic fraction x,
respectively. Solid circles and open circles stand for the values obtained from the
peak (i) and (ii), respectively. Epilayers are tetragonally deformed, i. e., the
normal lattice mismatch (4a/a),is as large as 41073 while the lateral one (da/a),
is less than 1x107* for both peaks. It is also shown that the compositional
variation from the peak (i) to (ii) is independent of the lattice mismatch.

(511) reflection

: tg=2min (A-setting)
- . / Xgq=1.04at% |
. - 1.01 Qtolo__
k (ii)—

0.98at% _|

0.95 at% ]

sub

0.92 at’ 1

| 0.8%at% \ /\\ ]
| 0.88at% L f\\

1 I | | 1 I I I
400 200 0  -200 -400 -600 -800 -1000

40 (sec)

Fig. 4. 2. X-ray rocking curves using the (511)A asymmetric reflection for
InGaAsP on (100) GaAs for the various Ga concentration in the melt.

X-RAY INTENSITY

4. 3. 2. Effects of Initial Supersaturation

The initial supersaturation 47 was varied from 2 to 12C, while the solute
concentrations in the melt were fixed at X! of 0.95 at %, X, of 0.03 at% and
Xpt of 2.80 at% so that the equilibrium saturation temperature T, was 788°C. The
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Fig. 4. 3 X-ray rocking curves of the Fig. 4. 4. Lattice mismatch and In atomic
epilayer as-grown and after fraction as functions of Ga conce-
successive etching. ntration for the peaks (i) and (ii).

growth time was 2 min and the layer thickness was about 2 um. As seen in Fig.
4.5, all XRC’s of the layers are also resolved into two peaks ((i) and (ii)) except
AT of 2C. Fig. 4.6 shows the normal and lateral mismatches and its In atomi
fraction x for the peaks (i) and (i1) as a function of 47. The difference in
composition between the peaks (i) and (ii) increases by increasing 47.

It is therefore concluded that the compositional nonuniformity at the initial
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stage of the growth strongly depends on 47. Therefore, in order to minimize
compositional nonuniformity, the initial supersaturation should be as small as
possible.

4. 3. 3. Other Effects

The effects of the temperature shift during the growth were studied by mea-
suring the XRC’s of the layers grown by the step-cooling technique for comparison.
It was found that these XRC’s had two peaks and agreed well with those for the
supercooling one. This suggests that the compositional variation is not caused by
the temperature variation.

The phosphorus molecules vaporized from the source melt adhere to the GaAs
substrate before growth.5,®> This might change the alloy composition at the initial
stage of the growth. We compared the XRC’s of the layers grown on the substrate
with and without the etching process using undersaturated Ga melt of As solute
before growth, where the etched layer thickness was about 5 #m. The XRC’s for
the both cases agreed with each other. Thus, the effect of the adhesion of P
atoms can be neglected.

4. 4. Conclusion

The effects of the growth conditions on the compositional non-uniformity of
InGaAsP/(100) GaAs were studied by the precision X-ray measurement. It was
found that the compositional variation at the initial growth stage is mainly due to
the initial supersaturation and that the larger compositional variation is caused by
the larger supersaturation.

5. Analysis of Compositional Variation at Initial Growth
Stage in LPE of InGaAsP/GaAs

5. 1. Introduction

In the liquid phase epitaxy of InGaAsP on GaAs, the solid composition and the
thickness of the layer grown at short time attract much attention because thin
epitaxial layers are to be used for the practical applications. Non-uniformity in
the solid composition of alloys such as AlGaAs/GaAs,18,19 InGaAsP/InP,16,20) and
InGaAsP/GaAs?®> have been studied. Experimentally, the compositional variations
that occur at the initial growth stage (less than a few seconds) of the LPE has
been found using precision X-ray measurements in InGaAsP/InP system!®) and in
InGaAsP/GaAs system.®) In the previous chapter 4, we indicated that the composi-
tional variations depend on the supersaturation. However, there have been only a
few reports studying the initial transient phenomena of the compositional variations
in the LPE growth.

For LPE growth of ternary or quaternary compounds, the theoretical analysis
is much' complicated due to the many components in the melt (one solvent and
more than two solutes). In fact, the solid composition is affected by various
diffusion coefficients of the solutes. To solve this problem, we have to consider
the diffusion process of solute atoms and the phase diagram. The latter gives the
relation between the melt and solid compositions. The analyses have been made
for AlGaAs/GaAs,18:19 and for InGaAsP/InP'®. In these simulations, the solute
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concentrations were assumed to be in equilibritm with the solid phase at the
interface, and the diffusion equations for each solute were solved numerically for
the diffusion limited process. However, the initial transient process in the LPE
growth are remained unsolved.

The variations of the solid composition and the growth rate were described by
the growth line (the crystallzation path) on the phase diahram.l® In this chapter,
the initial transient phenomena on the variation of the solid composition and the
growth rate in the LPE growth of In,Ga;_,As,P;_, (¥<0.01) is studied in detail
by using the growth lines on the phase diagram on In-Ga-P system based on the
diffusion limited process by adopting the diffusion coefficients, Dg, and Dp. The
experimental variations of the solid composition measured by the precision X-ray
diffractometry are compared with the theoretical results.

5. 2. Theovetical Analysis

The growth of III-V semiconductor alloys for the LPE growth have been
studied for the diffusion limited growth model by many authors. They have
adopted several assumptions: (1) no nucleation within the melt. (2) very fast
interface attachment kinetics, (3) no convection. (4) no diffusion in the solid, and
(5) a semi-infinite melt.18) These assumptions will be adopted in the following
calculations. The procedure is similar to Crossley and Small,’9 and Ijuin and
Gonda.t®)

The calculations will be made for the In-Ga-P ternary phase excluding As
because the solid composition y of the layer grown is less than 0.01. Therefore
we consider the solid composition x# (i. e. molar fraction of InP) for the composi-
tioal variation of In,Ga;_,P. The one-dimensional diffusion equations in In melt
are given for each component by

0X;!
ot

where D; is the diffusion coefficient X;'(z, ) is the concentration of the component
j in the melt, z is the distance from the growing interface, and { is time. By
neglecting the diffusion in the solid, the mass conservation of the solute atoms
between the melt and the solid gives the growth rate expression:

D, (0X,'/02) .0
(I=x)r/2—Xs.'(0, )

_ D, (0X,'/02)..,
r/2—X,'(0, 1)

where 7 is the ratio of the volume per single atom in the melt to that in the
solid and is nearly equal to unity. The corresponding thickness d of the grown
layer is given by

92X
0z*

=D; (j=Ga, P) 6.1

v()=

(5.2)

d:SZv(t}dt. (5.3)

Since the solid phase should be in equilibrium with the melt phase at the
growing interface, we use the phase diagram of th In-Ga-P system to obtain the
relation between the solid and melt compositions. The liquidus and solidus iso-



202 K. Hiramatsu, 1. Akasaki and N. Sawaki

therms are calculated for the regular solution phase equilibrium model by Illegems
and Panish for the LPE growth.2?) Well-accepted thermodynamic parameters are
used in the calculation.?22> In addition to their models, the effects of strain in the
epitaxial layer due to lattice-mismatch with the substrate are taken into account.
The mismatch strain energy is included in the total excess free energy G.,, as?®)

Go=G.+G,, (. 4)

where G, is the excess free energy due to the melt-solid phase transition and G,
is the elastic strain energy caused by the lattice-mismatch.

As mentioned above, the variation of the solid composition is described by a
growth line which moves on the phase diagram as a function of the growth time.
In practice, the growth line is given by Eq. (5.2). In order to obtain the values
of X'(z,¢) and z in Eq. (5.2), we must solve simultaneously the diffusion equati-
ons (5.1) and the equilibrium equations.!®> Eq. (5.1) are replaced by difference
equations, which can be solved numerically.?®> 1In the following, the growth lines
will be calculated for the parameters such as the supercooling 47, the ratio
Dg./Dp, and the cooling rate C.R., and hence the solid composition and the layer
thickness will be given as a function of the growth time. The values of Dy, and
Dy in In-Ga-P melt are not well known. Therefore, they were treated as adjustable
parameters.

5. 3. Theoretical Resulls

The growth lines on the In-Ga-P phase diagram calculated for the various
C.R’s are shown in Fig. 5. 1. Here, we dealt with the case of no initial super-
saturation (47=0C), i.e. equilibrium-cooling technique. The ratio Dg./D, was
fixed at 0.56. The initial concentrations of Ga and P in the melt were chosen as
Xgaro! of 0.95 at% and X, of 2. 80 at9s, corresponding to the initial melt prepared
in the experiments. By increasing the C.R., the growth line approaches that given
by the simpler equation:1#>

Dou(Xe (0, )= Xopy o) _ (1=0)7/2-X,,'(0, 1) 5.5
DP('XP1(07 t)“XP: 01) 7’/2‘X1>1<0: t) -

instead of Eq. (5.2). This growth line (called ultimate growth line hereafter) is
shown in the line (u) in Fig. 5.1. Thus, it is concluded that the variation of the
solid composition is affected by the cooling rate and hence the growth rate.

Figure 5.2 shows the ultimate growth lines calculated for the various values
of Deo/Dp from 0.4 to 1.2. Here, D, was taken 2.3%x10"% cm?/s. The initial
solute concentrations Xg.,, and Xp,, were fixed at 0.95 at % and 2.80 at %,
respectively. It is shown that the ultimate growth line depends on the diffusion
coefficient ratio. Furthermore, it was confirmed that when Dy, =D;, the growth
lines are the same for different cooling rates. Thus, the ratio Dg,/Ds has a
remarkable influence on the solid composition of the InGaP.

To investigate the effects of the supersaturation, the growth lines were calcu-
lated for the various 47’s from 6 to 12C for (1) step-cooling (C.R.=0C/min) and
(2) supercooling (C.K.=0.5C/min). The results are shown in Figure 5.3, where
Dgo/Dp=0.56 and Dp=2.3x107%*cm?/s. The starting points of the growth lines
correspond to the solute concentrations which are determined along the ultimate



LPE Growth of InGaAsP Epitaxial Layers on GaAs Substrates

Xga (Qt%0)
Fig. 5. 1. Growth lines calculated for

equilibrium-cooling process
at various cooling rates.

growth line at the Dg,/D, ratio of 0.56
as shown in Fig. 5.2. In the case of
step-cooling, the growth lines shift along
the isotherm with the growth time. On
the other hand, in the case of the super-
cooling, the growth lines shift along the
isotherm at first. Then the growth lines
bend and shift to another direction, which
is in agreement with the direction of the
growth line obtained for the equilibrium-
cooling at C.R. of 0.5C /min, as shown in
Fig. 5. 1.

Thus, the growth lines at the initial
growth stage are related to the initial
supersaturation but not to the cooling rate.
These tendencies are explained by the
fact that the gradients of the solute
concentration profiles at the interface vary
more largely at the initial growth stage
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Fig. 5. 2. Growth lines calculated for the
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Fig. 5. 3. Growth lines calculated for step-
cooling and supercooling at various
initial supersaturations.

because of the presence of the initial

supersaturation 47, so that when Dg,=D,, the large variation of the diffusion flux
ratio Jg.//p takes place and shifts the growth line at the initial growth. There-
fore, with increasing 477, the variation of [4.//» and hence the growth line shift

increases.

Figures 5.4 and 5.5 show the variations of In atomic fraction x as a function
of the growth time #{, and the layer thickness d for various 47’s of 4 to 12C. As
shown in Fig. 5.4, at the initial short time less than 5 sec remarkable variations

in the solid composition occur.

In particular at the initial tramsient time just

after the melt contacts with the substrate the largest variation takes place. These

compositional variations are enhanced by increasing 47.

In addition, the composi-

tional variation occurs at the thin layer of less than 0.3 um, as shown in Fig. 5.5.
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5. 4. Discussion

The experimental results on the compositional variation 4x and the layer
thickness d were compared with the theoretical resuits. The values of Dg, and D,
were determined by fitting the theoretical curves of d vs. ¢, and 4% vs. 4T to the
experimental data, as shown later in Figs. 5.6 and 5.8. Hence, Dg, and D, used in
the calculation were again taken 1.3x107¢ and 2.3x10~4 cm?/s, respectively.

Figure 5.6 shows the theoretical and experimental variations of d as a function
of 1, Here, 4T was determined as 6°C from the difference of 7', and Te, and C.R.
was 0.5C/min. The experimental data agree well with the theoretical line. The
theoretical d depends on the time as ¢,1/2, which shows the diffusion limited
process.

T T Ty
T T T l T T T T

Dp =23x107cm? 5 o
15 De=13x10"cm¥s 7 -

e o S
> / 3 1
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Fig. 5. 6. Thickness of the epitaxial layers Fig. 5. 7. Compositional variation 4x as a
as a function of growth time. function of the growth time. (i) and

(ii) were obtained by the peaks of
(i) and (ii) of the X-ray rocking
curves shown in Fig. 4. 3, respectively.
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Figure 5.7 shows the variation of the solid composition 4x as a function of 7,
measured by repeating step-etching of the epitaxial layer grown by the supercooling
technique (4T=6C, C.R.=0.5C/min). It is shown that the compositional variation
occurs at the initial short stage less than a few seconds, in agreement with the
theoretical result.

Figure 5.8 shows the theoretical variation of composition |4x| which occurs at
t. less than 10 sec as a function of T or 47 for various Dg./D:’s. The value of
[4%| increases with increasing 47 and also with decreasing Ds./Dp. Here, the
equilibrium saturation temperature T is estimated to be about 788C by extrapo-
rating the theoretical curves to the axis of 7. This value is rather good agree-
ment with T, of 786°C which was estimated from the growth temperature depen-
dence of the layer thickness and the surface morphology.l»2> DBy fitting the
experimental curve with theoretical one, Dy./Dp is determined as 0.56. When 47
is less than 8 C, the experimental |4x|’s agree well with the theory, but when 4T
is larger than 8C, |4x|’s are smaller than the theory. This fact is attributed to
the decrease in the supersaturation dte to the three dimensional nucleation (i.e.
homogeneous nucleation) which occurs when 47T is larger than 8 C.1®

Next, the compositional variations by experiment for the different 47 of 4 to
14°C at C.R. of 0.5C /min were compared with the theoretical growth lines as
shown in Fig. 5.9. The open and closed circles correspond to the solid compositi-
ons before and after the variation occurs at the initial transient growth, i.e. the
peaks (i) and (ii) in the XRC's, respectively. These two points are plotted along
the isotherms because the compositional variations take place at initial short time
less than several seconds. Thus the experimental growth lines move from the open
circles to the closed circles along the isotherms. These growth lines for 47 less
than 8°C are in agreement with the theoretical ones. However, in the growth lines
for 4T larger than 8 C, the agreement between the theory and the experiment is
poor. This tendency may be related to the three dimensional nucleation in the
solution. Because of the consumption of the solutes (4Xg.!, 4X,') due to the
homogeneous nucleation, the averaged solute concentrations over the melt may shift
from the starting point ((s) in Fig. 5.9) to the direction given as 4X;,'/4Xp!=

Tq(°C)
770 780 790
6 F DGa/DP N Inx GC{1-XP R
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54 56— ] 3
o _
S 3 - 7 he! >2—
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Fig. 5. 8. Compositional variation which Fig. 5. 9. Experimental compositional
occurs less than 10 sec as a function variations for various 47 are
of Tz or 4T for the various ratios compared with the calculated

Do/ Dp. growth lines.
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(1-%)/1.0=1/2 (the direction of a broken line with an arrow in Fig. 5.9). This
direction is in agreement with the direction to which the experimental points for 47T
larger than 8'C on the phase diagram shift with increasing 47. This is in consistent
with the decrese in |4x| due to the nucleation for larger 47 as shown in Fig. 5.8.
Furthermore, this 47 of 8°C is the same value at which Mukai et al. estimated
AT from the relation between the layer thickness and the supersaturation.”

The theoretical results developed above neglected the effect that the melt is
stirred near the solid-melt interface by the motion of the slider when the melt
contacts with the substrate. The thickness obtained from the stirred melt is
larger than from the unstirred solution, as reported by several authors.24> This is
attributed to the fact that the new solution is supplied to the growing interface
by the stir of the melt, so that the larger gradients of the concentration profiles
and hence larger diffusion flux are maintained during the stir of the melt. There-
fore, the initial solid composition may be kept constant for several seconds by the
stir of the melt. In the light of this argument, it is thought that the layer for
the peak (i) in XRC is formed at the initial growth.

5. 5. Conclusion

The variation of the solid composition which occurs at the initial transient
time in the LPE growth of In,Ga;_,As,P;_, (¥<C0.01) on GaAs was analysed for
the diffusion limited growth model by taking account of the diffusion coefficients.
The growth lines on the In-Ga-P phase diagram were calculated by solving simul-
taneously the diffusion equations of Ga and P, and the phase equilibrium equations.
It was found that the theoretical variations of composition explain well the
experimental results obtained by the measurements of the X-ray diffractometry.
The mechanism of the compositional variation was shown to be based on the large
variation of the diffusion flux ratio /..//» at the initial growth stage in the In
meit including two solutes Ga, P with the different diffusion coefficients.

6. Summary

Effects of various growth conditions on surface morphology and compositional
non-uniformity of LPE (liquid phase epitaxy) layers of In,Ga,_,As,P,_, (y<C0.01)
on (100) GaAs were studied. (1) Growth conditions to obtain a smooth and
uniform layer was found from the results of change in surface morphology. (2)
The interface instability occurring under an undercooling condition in LPE process
was studied using analysis of Fourier spectra of the surface morphology. (3)
Effects of various growth conditions on compositional non-uniformity of InGaAsP
LPE layers on GaAs were investigated by means of the precision X-ray diffracto-
metry. The compositional variation taking place at the initial growth stage during
several seconds was found. (4) The variation at the initial stage was analyzed
theoretically by “growth lines” on an In-Ga-P phase diagram using the diffusion
limited growth model. The growth conditions to decrease the compositional
variation was proposed.
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