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OF THE DIFFUSION LIMITED GROWTH MODEL
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InP was grown on (001) and (111)B InP substrates by the supercooling and step-cooling technique and In,_,Ga,As P, _,
(x ~0.2 and y ~ 0.5) was grown on (001), (111)A and (111)B InP substrates at 640-650°C by the step-cooling technique. Calculated
growth rates assuming diffusion limited growth, using experimental phase diagram relations were compared with experimental data.
Excellent agreement was found for the growth of InP on (001) and (111)B InP and for the growth of InGaAsP on (001) InP
substrates. For the nucleation of InGaAsP on {111} faces a critical supersaturation of 4°C was observed. The criterion of constant
composition for quaternary layers grown at constant temperature was verified using double crystal X-ray diffractometry. A constant
composition was observed on the (001) and (111)A faces, in contrast to the (111)B face, where the growth seems to be dictated by

surface Kinetics.

1. Introduction

Liquid phase epitaxy (LPE) is frequently used
to grow thin layers of I1I-V compounds for opto-
electronic devices. From the literature it is clear
that the growth rate of binary 111-V compounds is
determined by the rate of diffusion of group V
solutes towards the solid-liquid (S-L) interface.
The diffusion limited growth model has been ex-
tended to the multicomponent system by de
Crémoux [1]. Relations for the layer thickness and
the composition of the solid phase were deduced
with the aid of linearized phase diagram data. For
the growth of InGaAsP lattice matched to InP,
diffusion limited growth on (001) InP {2-4] and
also orientation effects have been reported [5,6].
Up to now however, no study has been reported in
which a quantitative comparison is made between
experimental results and the theoretical diffusion
limited growth model using experimental phase
diagram data of a multicomponent system.

In this report the results of the multicomponent
diffusion limited growth model are given in sec-
tion 2 and experimental methods are described in

* Eindhoven University of Technology, 5600 MB Eindhoven,
The Netherlands.

section 3. In section 4, the experimental results are
presented and compared with the diffusion limited
growth model for the growth of InP on (001) and
(111)B InP substrates by the supercooling and the
step-cooling technique and for the growth of In-
GaAsP on (001), (111)A and (111)B InP sub-
strates by the step-cooling technique.

2. Diffusion limited growth model

The LPE growth rate of III-V compounds has
been experimentally determined by many authors
and the results have been analysed on the assump-
tion that the growth rate is determined by the rate
of solute diffusion towards the S—L interface with
fast interface kinetics. If there is no free convec-
tion and the area of the growth solution is smaller
than or equal to that of the substrate, the mass
transfer of solutes towards the S-L interface can
be described in the case of an n-component sys-
tem by (n— 1) one-dimensional diffusion equa-
tions:

[ P acH(u, 1)
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where CM(u, 1) is the concentration (atoms/cm’)
of component / in the solution at position u and
time ¢ and D, the diffusion coefficient of compo-
nent i in the solution (cm?/s).

The motion of the growing interface is ne-
glected, the diffusion coefficients are assumed to
be mutual and concentration independent and the
liquidus curve of a multicomponent system is lin-
earized for the small cooling intervals applied.

With these assumptions, as long as the solution
may be regarded as semi-infinite (1< d?/D;,
where d = the thickness of the solution (cm)),
these equations have been previously solved for
boundary conditions corresponding to different
LPE techniques.

For growth by the supercooling technique the
layer thickness e is the sum of the layer thick-
nesses for the step-cooling and for the equilibrium
growth technique:

e=K(AT t'? +3Rt*7), (2)

where AT is the initial supersaturation of the
solution (°C). R the cooling rate (°C/min), and
K the growth rate constant given by

act|nal et - oo
= al,

K 2 — )
\/; i=1 V’D,

where

ct=3% c-.

i=1

a,=9T/dx] is the partial derivative of the liqui-
dus function (°C), and C5(0, ) the concentration
(atoms/cm’) of component i in the solid at the
S-L interface at time ¢ (atoms/cm’).

For the composition of an epitaxial layer grown
from a multicomponent solution de Crémoux [1]
derived relations using generalized segregation
coefficients. He concluded that the growth by the
step-cooling technique should result in epitaxial
layers with a constant composition. This was ex-
perimentally verified by Feng et al. [7].

Therefore, in order to determine whether growth
of a multicomponent epitaxial layer occurs in
accordance with the diffusion limited growth
model there are two things to check for the step-

cooling growth technique: the relation expressing
the layer thickness as a function of the growth
time and supersaturation (eq. (2)), and the con-
stant composition across the thickness.

3. Experimental procedures
3.1. Growth method

The experimental LPE apparatus consisted of a
horizontal furnace system and a conventional slid-
ing graphite boat, made from POCO DFP 3-2
graphite. Palladium diffused H, flowed through
the fused silica reactor tube inside the furnace.
Prior to each experiment, the reactor tube was
evacuated (< 5% 107 % Torr) to remove oxygen
and water vapour. The dimensions of the bins
were 20 X 12 mm?, while the substrates were 22 X
12 mm?. To prevent free convection, 3.2 mm thick
solutions with graphite blocks on top were used.

For the growth and seed-dissolution experi-
ments, (001), (111)A and (111)B oriented disloca-
tion free InP substrates (S doped, n=2x 10"
c¢m %) supplied by internal sources [8] were used.
The (001) and (111)B substrates were cleaned and
etched in a 2% bromine—methanol solution. Dur-
ing the heating the substrates were protected from
phosphorus loss by a 4 wt% InP solution in 6N Sn
(Billiton) [9]. In the InGaAsP growth experiments
an InP buffer layer was grown first to bury any
residual damage; in the case of (111)A substrates
an In melt-etch was used.

In the seed-dissolution experiments, the solu-
tions were composed of 6N In (Billiton), undoped
InAs (MCP) and GaAs (Philips). In the growth
experiments undoped InP (MCP) source material
was used. Prior to each experiment the In was
etched in concentrated HC] and the source materi-
als were batch-wise etched in bromine—methanol.
The solutions were homogenized for at least 30
min at 680°C and the seed-dissolution and growth
experiments were carried out at 640—-660°C. Dur-
ing the seed-dissolution experiments the solution
was kept in contact with the substrate for 1 h at
constant temperature (A7 < 0.1°C). In the growth
experiments InP layers were grown using the su-
percooling and the step-cooling technique and
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InGaAsP epitaxial layers were grown by the step-
cooling technique. All epitaxial layers were not
intentionally doped.

3.2. Characterization of the epitaxial layers

The thickness of the epitaxial layers was
determined at 20 spots using Nomarski phase
contrast microscopy for each wafer. Thin epitaxial
layers (e <0.5 pm) were measured by means of
scanning electron microscopy (SEM).

X-ray diffraction analysis using monochromatic
Cu K¢ radiation was performed to determine the
relative relaxed mismatch Aa/a [10], where Aa =
a,—a, a, and a being the lattice constants of the
quaternary compound and InP, respectively. For
(001) substrates the (004) reflection and for {111}
substrates the (222) reflection was used [11].

Photoluminescence measurements were carried
out on the surface of the as-grown epitaxial layers
at room temperature with standard photolumines-
cence equipment under low excitation density (200
W /cm?) using a Kr laser (A = 647 nm).

The compositions of the In,_ Ga,As, P, _, epi-
taxial layers were measured with the electron
microprobe analyser (EPMA) “Camebax”, with
InP and GaAs as standards. The quaternary layer
thickness of the analysed samples was always
greater than 2 pm to avoid interference from the
substrate.

4. Growth experiments
4.1. Growth of InP on (001) and (111)B InP

The P concentration in indium in equilibrium
with (001) InP, derived from the weight loss of the
substrate in seed-dissolution experiments, can be
expressed by

x5k =224 x10% exp(—11750/T). (4)

Fig. 1 shows that the difference between our re-
sults and earlier published data [12] can be fully
attributed to a difference of 9°C in the tempera-
ture which was measured under the substrate with
a not specially calibrated thermocouple. By a mass
balance it was confirmed that no significant

—==Hsieh{12]
this work
T(K)
xL=224ﬂ03eprﬂ75WT)
923+ /
918 -
913+ 3
xp=176x10" exp.(-11411/7 )

908 -

06 07
x =100 [at fr )

Fig. 1. Part of the liquidus curve of In—P.

evaporation of phosphorus took place during the
seed-dissolution experiments.

Growth parameters and layer thicknesses of
InP epitaxial layers grown around 650°C on (001)
substrates by the supercooling and by the step-
cooling technique are shown in table 1. For the
growth rate constant of InP on the (001) plane,
using eq. (2) we found:

K =0.100 + 0.005 pm/°C - min'/2.

In experiments where (001) and (111)B InP sub-
strates were put side by side under the same
solution we observed that the two InP layer thick-
nesses did not deviate significantly.

4.2. Calculation of growth rate of InP

The growth rate constant is given by eq. (3). In
this equation C' and CS were calculated from
P =6.67 g/cm® at 650°C [13] and p,p = 4.787
g/cn [13], respectively. The diffusion coefficient
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Table 1

Results of InP growth on (001) InP substrates

T, AT R ! ¢ K
(°Cy (°C) (°C/min) (min) (pm) (pm/"(*minl' )
639.4 38 0.40 5 1.1 0.097
640.1 35 0.58 6.5 1.5 0.101
647.8 2.7 0.58 12 2.5 0.098
646.5 0.4 0.21 27 2.0 0.092
639.9 2.7 0.56 S 1.1 0.108
650.5 10.8 0 10 34 0.100
652.5 8.7 0 10 2.8 0.102

of P in indium is given by [14]:
Dp=17.12 exp(—11450/T ) cm’/s. (5)

Substitution of these data in eq. (3). with our
temperature in Dp gives:

K =0.10um/°C - min'/*.

From this very good agreement between the
calculated and the experimental value it may be
concluded that the LPE growth of InP on (001)
and (111)B can be described with the one-dimen-
sional diffusion limited growth model.

4.3 Growth of InGaAsP on (001), (111)A and (111)B
InP

Seed-dissolution experiments were performed
on (001), (11DHA and (111)B InP substrates to
determine a part of the quaternary (Ap, =1.2 um)
liquidus curve in the temperature interval of
640-660°C. In these experiments either x§, or x,
was varied and xj was determined from mass
balance (table 2).

Subsequently, InGaAsP epitaxial layers were
grown on (001), (111)A and (111)B InP substrates
by the step-cooling technique. The composition of
the growth solution, as an atomic fraction, in all
experiments was: x5, = 5.54 X 1077, xk, =4.39 X
1072 and x5=3.22x10"". According to the
seed-dissolution experiments, this solution is pre-
cisely saturated at 655°C for the (001) face. For
the {111} faces the effective saturation temper-
ature was higher by about 2.5°C. This orientation
effect on the liquidus temperature was earlier re-
ported for InGaAsP by Oe and Sugiyama [6] and

by Nakajima and Akita [15] for InGaAs solutions.

The InGaAsP epitaxial layer thickness grown in
10 min as a function of the supersaturation (AT =
T, — T5) of the growth solution is shown in fig. 2.
Only for the (001) face the InGaAsP layer thick-
ness increases linearly, nearly from the origin, with
the supersaturation according to eq. (2) with K =
0.13 pum/°C - min'/2. The same value of the growth
rate constant K was found in experiments where
the growth time was varied while the supersatura-
tion was kept constant at 7.7°C. For the growth

Table 2
In-Ga-~As-P liquidus compositions determined by seed-dis-
solution experiments

Orient. T x(l;ﬂ -\'/h X ,[
°O)

(001) 639.5 0.00452 0.0430 0.00243
(001) 644.8 0.00455 0.0430 0.00277
(001) 655.0 0.00454 0.0430 0.00357
(001) 653.7 0.00454 0.0480 0.00287
(001) 639.5 0.00555 0.0440 0.00227
(001) 644.8 0.00554 0.0439 0.00264
(001) 655.0 0.00554 0.0439 0.00322
(001) 655.0 0.00554 0.0440 0.00321
(001) 653.7 0.00553 0.0479 0.00264
(001) 650.1 0.00550 0.0464 0.00255
(111)B 655.0 0.00553 0.0439 0.00299
(111)B 655.0 0.00455 0.0430 0.00322
(11HB 655.0 0.00559 0.0396 0.00324
(111)B 655.0 0.00459 0.0387 0.00356
(111)B 642.9 0.00557 0.0397 0.00241
(111)B 642.9 0.00459 0.0386 0.00247
(111)B 644.1 0.00555 0.0440 0.00203
(111)B 644.1 0.00453 0.0431 0.00231
(11HA 654.9 0.00551 0.0439 0.00307
(1THA 654.9 0.00437 0.0428 0.00336
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step-cooling ; growth time =10min.
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Fig. 2. Layer thickness as a function of the supersaturation for growth by the step-cooling technique, growth time 10 min. The
solutions used in all cases are saturated at 655°C for (001), and at 657.5°C for {111} InP substrates.

on {111} faces a critical supersaturation for
nucleation of about 4°C was found. Nearly the
same critical supersaturation is reported for the
growth of InGaAs on {111} InP substrates [16].
For smaller supersaturations and a growth time of
10 min the quaternary layer thickness became less

3F InGaAsP/InP |. B
step -cooling .
S | xgs554x107 1
G} I -2
E 2+ xAs-A.39x10 4
T | xb=322x107 Y
2~ E
O Y
£
u
£l \ \ o
Q ad
[}
T (001} ‘\“\ ~ 1
3 ‘ ~a
S(111) A .
O e T
L)
- > =
L, L S 1 L
546 645 550 655

Growth temperature (°C)

Fig. 3. Dependence of the relative relaxed lattice mismatch on
the growth temperature for the step-cooling technique.

than 0.01 pm, as estimated from EPMA. The
InGaAsP layer thickness for the (111)A face, in
contrast to the (111)B face, depends linearly on
the supersaturation when higher than 5°C. For the
(111)A face this results in an effective growth rate
constant K =0.145 um/°C - min'/?.

InGaAsP/InP
step-coolin
gk °P 9 _
xg=556x107
L |
L x)=439x107 i
xi=322 %107
130} i

Ap {um)
/
1

&
a A~aeg
| Al \
1.20 (001) y .\l\ i
«{111)A bt
L «(11)B .
646 6545 3] 855

18]
Growth temperature (°C)

Fig. 4. Dependence of Ap on the growth temperature for the
step-cooling technique.
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Figs. 3 and 4 show the relative relaxed mis-
match (Aa/a) and the photoluminescence wave-
length (Ay) of the as-grown InGaAsP epitaxial
layers as a function of the growth temperature for
the different substrate orientations. The Aa/a and
A of the quaternary epitaxial layers on (001) and
(111)A InP are almost identical and vary linearly
with the growth temperature: (Aa/a)/AT= —14
x 107%/°C and AXp, /AT = ~5.3%x10 *pm/°C
for the (001) face. In fig. 5 the composition of the
InGaAsP epitaxial layers grown on (001) InP, as
determined by EPMA, is shown as a function of
the growth temperature. The composition changes
linearly with the growth temperature, predomi-
nantly on the group V sublattice. Thus the tem-
perature dependence of the distribution coefficient
for the (001) face is larger for the group V atoms,
supporting recent results of Matsui et al. [17]. The
composition of the individual quaternary epitaxial
layers on (001) and (111)A InP substrates is ho-
mogeneous across the thickness. This was con-
cluded from double crystal X-ray rocking curves
and photoluminescence measurements as shown
for a step-cooled grown InGaAsP epitaxial layer
on (001) InP in fig. 6. The epitaxial layer was
etched off in four steps. (a) to (d), and after each
step a double crystal X-ray rocking curve was

InyGa,As Py, /InP (001)
step - cooling

X5 54107
055+ R
A= 639 x10°

$=322x10

y 050r /

1021
045F
/4'/ 1020
/

-3

x

o
4019
;v i e i ﬁ?
650 645 640 635

Growth temperature (°C}

Fig. 5. Dependence of the composition of In,_ Ga As P, _
on the growth temperature for the step-cooling technique (ac-
curacy 0.5%).

made and A, was measured. All measurements
gave the same peak positions. indicating a con-
stant composition across the layer thickness as
predicted by the diffusion limited growth model
for the step-cooling technique. For comparison.
fig. 7 shows the results of a similar etching experi-
ment with an InGaAsP epitaxial layer on (001)
InP, of which the first 2 um was grown in 10 min
with the step-cooling technique and then about 1.8
pm in 10 min with linear cooling (R =
0.26°C /min). By etching from (a) to (d), InGaAsP
with the larger lattice constant and the larger Ap
is etched off first, which is consistent with figs. 3
and 4.

In figs. 3 and 4 it is clearly shown that the
composition of InGaAsP epitaxial layers grown
under identical conditions, i.e. with the same com-

t InGaAsP/InP{001)
step - cooling

InP
X554 %107 50
Xp= 439 <10 7
| xb=322x10"
F InGaAsP ﬂ
!
g a e=23um
ZF ApL=1202um
5
‘Z\ b
7]
§ b e=17um
c ApL=1202 um
c L e=11um
AeL=1202um
I d e=03um

w (sec of arc}

Fig. 6. Double crystal X-ray rocking curves, (004) reflection, of
an InGaAsP epitaxial layer grown by the step-cooling tech-
nique. Curve (a) is for the as-grown 2.3 pm thick layer. Curves
(b). (c) and (d) after etching down to 1.7, 1.1 and 0.3 pm
respectively. Ap was measured after each step.
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position of the growth solution and the same
growth temperature, differs for the (111)B face
from the composition on the (001) and (111)A
faces. This difference is strongly temperature de-
pendent. For the (111)B face the distribution coef-
ficient of As is larger than for the (001) and
(111)A faces. The double crystal X-ray rocking
curves of InGaAsP layers on the (111)B face were
very broad, up to 500 sec of arc FWHM for the
(222) reflection, and had a lower intensity. From
etching experiments performed in the same manner
as for the (001) plane it turned out that with
increasing growth time, and hence with decreasing
supersaturation, the lattice constant and Ap; de-

InGaAsP/InP{001) Inp
I 50"
- | 2554107
Ga ~
X, =639x107
I InGaAsP x}=3.22x10"
°
c
Sl
2
S
| a e=38 ym
?“7‘, )\pL=1212}Jm
c
5t
£ b e=32pm
L ApL=121um
H c e=26um
e 1.208 um
| d es=2um
AeL1204um

w [sec of arc)

Fig. 7. Double crystal X-ray rocking curves, (004) reflection, of
an InGaAsP epitaxial layer composed from first a 2 pm
constant composition layer, grown by step-cooling for 10 min.
Subsequently 1.8 pm was grown by linear cooling (R =
0.26°C /min) for 10 min. The variation in composition as a
function of the thickness is revealed by etching.

creased. This variation of the composition of the
solid, and the layer thickness as a function of
supersaturation on the (111)B face for the step-
cooling technique are clearly not in agreement
with the diffusion limited growth model and indi-
cate a significant influence of growth kinetics.

The influence of the substrate orientation on
the InGaAsP composition was also observed in
growth experiments on misoriented substrates. In
these experiments two misoriented (001) sub-
strates with the misorientation vector in either the
[111]A or the [111]B direction were put side by
side under the same solution. Special care was
taken during the bromine-methanol etching to
keep the proper misorientation. As shown in table
3, the InGaAsP epitaxial layers grown by the
step-cooling technique for 10 min on up to 10° in
[111] B direction misoriented (001) InP substrates,
have a consistently slightly larger lattice constant.
This is in agreement with the results obtained on
the (111)B face. The linewidth of the double crystal
X-ray rocking curves decreases with increasing
misorientation, possibly because the terracing dis-
appears and a nearly flat surface is obtained. This
holds even more for substrates misoriented in the
[111]B direction. A similar behaviour was also
observed on nearly exact (001) oriented substrates.
The linewidth on a facet had nearly the theoretical
value, while the rocking curve of a terraced surface
was somewhat broadened. As shown in table 3,
the misorientation had no significant influence on
the layer thickness.

4.4. Calculation of the growth rate of InGaAsP
(App=1.2pm)

The growth rate constant K (eq. (3)) was
calculated with the following experimental data
and assumptions:

(a) The partial derivatives of the liquidus function
were calculated from the seed-dissolution experi-
ments in the temperature range 640-660°C (table
2). This results in table 4.

(b) The corresponding composition of the epi-
taxial layers as shown in fig. 5.

(¢) In eq. (3), C* (0, 1) was neglected.

(d) It was assumed that D, = D, = Dp. Actual
differences between D,,, Dg, and D, by a factor
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Table 3
Influence of the substrate misorientation from the (001) face on some parameters of InGaAsP cpitaxial layers
Misorientation * dasa da ™ App AE; LY ¢ AT o
(seconds (um) (eV) (pm) (°C)
Or arc)
< 0.1° 14 x10 * 40 1.208 1.8 kT 29 77
1°B (1-06)x10 * 39 1.208 2 kT 29 7R
1° A 85 x107° 1.206 2 kT 29 7.8
3°B 77 x10 ° 36 1.206 18 AT 29 7.7
3°A 40 x10°° 41 1.204 1.8 kT 2.9 7.7
S°B 8.1 x10°° 21 1.205 1.8 kT 27 7.7
5% A 44 x10°° 27 1.205 1.8 4T 28 7.7
10° B 6.6 x10°° 19 1.206 1.7kT 2.7 7.7
10° A 20 x107° 28 1.206 1.7hT 2.9 7.7
10° B ~3.69%x10 * 20 1.18 2 AT 1.0 34
10° A —-3.84x107* 21 1.19 2 kT 1.4 34

“ Notation: A, B: misorientation from (001) in [111]A, [111]B direction. respectively
" FWHM of double crystal X-ray rocking curve. (004) reflection. For the nominal (001) substrates average of about 30 experiments.

“' FWHM of photoluminescence peak at room temperature.

of 2 account for only a few percent difference in
the calculated K value.

Using these data, the InGaAsP (Ap = 1.2 pm)
growth rate constant K =0.127 + 0.004 pm/°C -
min'/> was obtained for the (001) face and K =
0.185 4+ 0.005 um/°C - min'/? for the (111)A face,
The results on the (001) face are in excellent
agreement with the experimentally determined
value.

5. Discussion

The Kossel model for crystal growth dis-
tinguishes between diffusion of the solute species
towards the growing interface, adsorption,
surface-diffusion and incorporation into the crystal
lattice. If the first diffusion step is the rate-limit-

Table 4

Partial derivatives of the liquidus function

Orientation T/ dxk AT/ axk, AT/ dxk,
(°0) °C) (°C)

(001) 1.63x10* 2050 3200

{111} 1.15x 104 800 2500

ing, the growth can be described with the diffu-
ston limited growth model. The results of this
study show that this holds for LPE growth of InP
on (001) and (111)B substrates and for the growth
of InGaAsP (A, = 1.2 um) on the (001) InP face.
For the LPE growth of InGaAsP (A, = 1.2 pm)
on the {111} InP faces a critical supersaturation
for nucleation is observed. Similar results for In-
GaAs growth on {111} InP faces have been re-
ported by Yamazaki et al. [16].

The difference between the ease of nucleation
for the {001} and {111} planes in the zincblende
lattice can be explained by an attachment model
as discussed by Sangster [18]. He considered the
adsorption of a single atom on different planes
and calculated the variation in the number of the
dangling bonds. If the number of dangling bonds
increases the adsorption of an atom would be
rather improbable. For the (001) plane, group III
as well as group V atoms can attach without
creating extra dangling bonds: so no nucleation
problems are expected.

The {111} planes consist of double layers of
tightly bound group IlI and group V atoms. Each
atom in a plane makes bonds to three nearest
neighbour atoms in the other plane. The fourth
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bond extends normal to the planes to combine
with the adjacent double layers. Adsorption of
opposite type atoms, compared to the surface
atoms, will be improbable because each atom
creates a net addition of two dangling bonds,
which is energetically unfavourable; this situation
should also result in a deviation from stoichiome-
try. An energetically more favourable situation is
the creation of a smallest portion of the double
layer, which consists of at least three atoms of the
opposite type and one atom of the same type as
the original surface. For further nucleation the
adsorption of a single atom on the original surface
next to this centre is required, where again two
dangling bonds are created. Subsequently, a series
of group III and group V atoms can readily be
added to the crystal with two bonds. This process
has to be repeated at the start of the growth of
every new chain. With these models the observed
difference in nucleation of InGaAsP, InGaAs [16]
and InGaP [19] on {001} and {111} planes can be
qualitatively explained.

The growth of InGaAsP on the (111)A face
might be described with the diffusion limited
growth model once the nucleation barrier has been
overcome. For the step-cooling technique the layer
thickness depends linearly on the supersaturation
(fig. 2) and the composition of the solid is homo-
geneous, but a rather large difference between the
experimentally determined growth rate constant
and the calculated one is found. For the (111)B
face the growth seems to be dictated by surface
kinetics over the full temperature range. A rather
poor homogeneity of the solid grown on the (111)B
face is also reported for InGaP/GaAs [20] and
InGaAsP/GaAs [21].

The large critical supersaturation for nucleation
of InGaAsP and InGaAs on {111} faces is not
observed for InP (this work), GaAs and AlGaAs
[22] indicating that attachment of atoms on {111}
planes is not as difficult in all systems. The ob-
served differences may be attributable to III-V
complexes which might be present in the solution.
The liquid interaction parameters [23] and the
differences in activation energies for diffusion and
dissolution of group V atoms in group III solu-
tions [24] indicate that the interaction between
ITI-V atoms decreases in going from InAs, GaAs,

GaP to InP. In the last case there is effectively no
interaction.

6. Conclusions

We have shown that the growth of InP on (001)
and (111)B InP by the supercooling and step-cool-
ing technique and the growth of InGaAsP (A, =
1.2 pm) on (001) InP substrates, up to 10° miso-
rientation in (111}, by the step-cooling technique
can be described with the diffusion limited growth
model and the extended multicomponent model
using linearized phase diagram data. For the
growth of InGaAsP on {111} InP substrates a
critical supersaturation for nucleation of 4°C is
observed. This may qualitatively be explained with
an attachment model of atoms, but it also seems
necessary to take into account I1I-V complexes in
the growth solution. Above the critical su-
persaturation the growth of InGaAsP on the
(111)A face seems to be diffusion limited, in con-
trast to the (111)B face, where the growth appears
to be dictated by surface kinetics. For the (111)B
face the distribution coefficient of As is larger
than for the (001) and (111)A faces. For the (001)
face the group V element distribution coefficients
show a stronger temperature dependence than the
group 111 elements.
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