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Abstract: Thermodynamic models for molecular-beam epitaxy (MBE) growth of ternary III-V semiconductor materials are proposed.
These models are in agreement with our experimental materials InGaP/GaAs and InGaAs/InP, and reported GaAsP/GaAs and
InAsP/InP in thermodynamic growth. The lattice strain energy AG and thermal decomposition sensitive to growth temperature are
demonstrated in the models simultaneously. AG is the function of the alloy composition, which is affected by flux ratio and growth
temperature directly. The calculation results reveal that flux ratio and growth temperature mainly influence the growth process.
Thermodynamic model of quaternary InGaAsP/GaAs semiconductor material is discussed also.
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1 Introduction

Ternary III-V semiconductor materials have been
used extensively in the fabrication of optoelectronic
devices, optical detectors and modulators. Among plenty
of ways to grow the specific materials, liquid phase
epitaxy, metal organic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE) are three
of the most widely used methods. However, the
thermodynamic growth of the compounds is a
complicated problem during this procedure. There is no
direct linear dependence of composition on flux ratio of
ternary compounds in practice. Although the same
thermodynamic growth models have been proposed[1—2],
it is difficult to explain the experimental results
correctly[3]. For instance, the previous models predict
that the alloy composition should be dependent on V/III
beam-flux ratio[4—5], which is inconsistent with reported
data in Refs.[6—7].

In thermodynamic models reported previously for
MBE]|2, 8—10], the growth processes were analyzed by
equations of chemical reactions, chemical potentials,
reevaporated group V elements and the lattice strain
energy. However, the lattice strain energy and thermal

decomposition were not discussed in the theoretical
system simultaneously; a clear numeric project for the
setup parameters was not either. Thus, an adequate
thermodynamic model for MBE of multi-component
compounds is still an open problem.

In this work, for the III-V compounds with two
group III elements, the correlation among flux ratio,
growth temperature and alloy composition is investigated.
The lattice strain energy and thermal decomposition
sensitive to growth temperature are demonstrated in the
models simultaneously.

2 Theory analysis

Based on the thermodynamics principle, EGOROV
et al[8] evaluated the relationship between the flux ratio
of group V element and composition in the growth of
AmCVyDV |-y semiconductor materials:

&_F_c[ . <1—2y>QT 0

F, Fyll-y kgT

where kg is the Boltzmann constant; F is the
corresponding flux ratio of the element; and 2 is an
interaction parameter between AC and AD compounds
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in the ternary solution.

For the III-V compounds with two groups of III
elements A" A4B", +C'= A".B", .C", if the lattice
strain energy and thermal decomposition sensitive to
growth temperature are considered simultaneously, the
model is modified as follows:

F_A_F_j\( x ]ex (1-2x)02+AGc —AGpe
Fy  Fi\l-x P kg

(2)

In the thermodynamics growth model, the lattice
strain energy is given by AG=aM'(Aa)’, where « is the
figure factor, M’ is the per unit length elastic modulus,
and Aa is the amount of lattice mismatch.

For the III-V compounds with two volatile groups
of V elements[11], Am+CyV+DVl,y:AmCy\‘D\' 1y , there is

Fo _Fef vy ex (1 2y)2+AG)c —AGyp
Fy FH\l-y kT

The efficient flux F’ is a linear function of the alloy
composition in the case of equilibrium. F'y\=npx,

F'g=ng(1—x), where n; is incorporation factor, and
assuming it is a constant.

3)

F/
If n="A then —&=p—" C)
ny Fy I-x

By combing functions (4) with (2), we get

2
1-2x)02+(A -A

Fa " zexp( )2+ (AGxc ~AGye) (5)

Fy (1-x) kgT

The relationship between steam pressure and
temperature is: Inp,=A+B/T, where A and B are constants
independent of temperature in the same compound.

Taking into account the effect on the absorption and
desorption by the change of temperature, the F”5 in Eq.(4)
can be modified as

Fl—p, =F, —exp[A +§j 6)

According to previous investigations[12—13],
efficient incorporation coefficient constant without the
desorption n is modified as

n=ny—exp(4+ ?) (7

By combining Egs.(5) with (7), we get
2
1-x°

xp 172292+ (AGc = AGic)
kB

Fy

B

[no —exp(A4+ —)}

®)

The lattice strain energy is given by AG=aM'(Aa)*.

Assuming that the strain is an elastic strain of
formula crystal, figure factor o=1, and the film lattice
matches to substrate, x=x,, the difference of their lattice
strain energies is

AG=AGac—AGp=M(x—x,)* 9)

where M=M'(anc—agc)® (a and apc are lattice constants
of AC and BC, respectively).
By combining Eqgs.(9) with (8), we get

2

ZA =
=l - exp(4+)] T

g (Z 202+ M- xy)?
kB

(10)

For the I1I-V compounds, A"C,'D"},, with two
volatile groups of V elements, we have

Fe B Vo3
FD—["O exp(A+T)](1_y)

(1 2) Q2+ M (yac +(1-
kgT

2
Y)asp —a0)2 (11)

where aac, asp and a are the lattice constants of A"C",

A"D" and substrate, respectively.

3 Experimental validation

3.1 Thermodynamic analysis for InGaP/GaAs
For In,Ga,_ P/GaAs, the film lattice matches to the
substrate at x~0.485.
InGaP/GaAs
materials which are grown on SC-GaAs (100) substrates

compounds are hetero-epitaxial
by a Riber Compact 21T MBE system equipped with a
Riber KPC250 phosphorus valve cracker cell. By
inputting the experiment results into Eq.(10), the values
of ng, A, B, M and Q can be obtained after optimization:
ne=7, A=1.2, B=353 K, M=£21.56x10"" J (x<0.485,

M=-21.56x10"" J; other x>0.485, M=21.56x10"*" J) and

Q=3.2x1071.
The function of In/Ga flux ratio F, growth
temperature and composition is transformed into

2
Fie. =|7- exp(l 2+ﬁj al
(-x)7

" 3.2x1072°(1-2x)+21.56x107% (x — 0.485)*
1.38x1075T

(12)

The results of calculations for Eq.(12) and the
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experimental data are shown in Figs.1 and 2, respectively.

Fig.1 shows indium composition as a function of the
In/Ga flux ratio at temperature of 480 °C. Fig.2 shows
indium composition as a function of growth temperature
when the In/Ga flux ratio is equal to 1.78. It can be seen
that the calculated data are fitted well with the
experimental results.
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Fig.1 Dependence of In/Ga flux ratio on indium composition at
480 °C
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Fig.2 Dependence of growth temperature on indium
composition with In/Ga flux ratio of 1.78

By using Eq.(12) to fit the results of HASENOHRL
et al[14], the conditions of InGaP/GaAs material growth
are as follows: using metal organic vapor phase epitaxy
(MOVPE) as the growth technique, high V/III flux ratio
(250) and high growth temperature (640 °C). Then the
function is transformed into

2
Fia = [5.18 - exp(l 2 +$ﬂ a fx)z .

4.0x1072°(1-2x) £ 6x1072% (x — 0.485)>
1.38x1075T

(13)

exp

By plotting the results (Fig.3), a good agreement is

obtained. By comparing this modified Eq.(13) with
Eq.(12), which are suitable to the growth in MBE system
(Riber 21T), it can been seen that when the efficient
incorporation coefficient n decreases from 7 to 5.18 and
indium composition ratio becomes high when the
material is growing; interaction parameter Q is also
increased from 3.2x107%° J to 4.0x1072° J, which can be
mainly attributed to high phosphorous flux favorable to
In+P—InP. It is also found that the decomposition
related parameter B decreases from 353 K to 150 K,
probably because the beam equivalent pressure of
phosphorous flux is so high (250) that a reverse reaction
In+P—InP is introduced.

0.6
=640 °C
osF *
=
0.4 7
—Theoretical result
------ x=0.485
+ Experimental data
0.3 1 1 L
1.0 1.2 1.4 1.6

In/Ga flux ratio

Fig.3 Dependence of In/Ga flux ratio on indium composition at
640 °C (according to results of HASENOHRL S et al[14])

3.2 Thermodynamic analysis for InGaAs/InP

SC-InP (100) substrate is used for the experimental
study of InGaAs/InP growth. The thickness of the film is
130—-160 nm by involuntary doping growth. The
temperature of phosphorus cracking furnace is 880 °C.
The equivalent flux pressure range of (p;) is
399.966x107°—1 279.891x10° Pa, and p, is auto
controlled by the needle controller. Equivalent flux
pressure range of indium is 533.288x107-799.932x107’
Pa, and gallium 293.31x10'—466.63x10"" Pa. The
growth temperature is 480 °C. V/III flux ratio is 7:1, and
In/Ga flux ratio is (1.6—2.6):1.

For In.Ga;_,As/InP, the film lattice matches the
substrate at x¢~0.532.

The values of ny, 4, B, M and Q are calculated using
Eq.(10) based on the experiment results. ny=5.38, A=1,
B=200 K, M=+19.16x10"%" J (x<0.532, M=—19.16x 10 %
J; other x>0.532, M=19.16x10"2° J) and Q=3.0x 10%°J
are obtained after optimizing the values.

Hence, the function of In/Ga flux ratio F, growth
temperature and composition is transformed into
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2
Finca = [5 38— exp[1+ﬂﬂ(l xx)

X 3.0x107°(1-2x) £19.16 x1072° (x — 0.532)?

1.38x1072T
The results of calculations and experimental data
are shown in Fig.4.
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Fig.4 Dependence of In/Ga flux ratio on indium composition of
In,Ga;_,As

3.3 Thermodynamic analysis for GaAsP/GaAs

According to the experimental data in Ref.[8], those
conditions of the growth of GaAs P, , on GaAs substrate,
a of the substrate GaAs of 5.653 25 A, the temperature
of the substrate of 500 °C and the stationary growth
temperature of 500 °C are employed for this study. Due
to the function only depending on growth temperature,
effective adhesive factor n is regarded as a constant.
Putting experimental data into Eq.(11), we have n=
1.864 9, Q=3.578 2x10 "], M=—4.593 4x107°J.

3
Frgp =1.864 9(Lj :
1-y

oy 3578 2X10° 20(1-2y)-4.5934x1072(y —1)*
1.38x10° 3T

(15)
The results of calculations and experimental data
are shown in Fig.5.

3.4 Thermodynamic analysis for InAsP/InP

During the growth of InAs,P;, on InP substrate,
temperature of substrate is taken as 520 °C based on the
experimental data of HAO et al[15].

The values of n, Q and M are obtained through
inputting experimental data into Eq.(11) as follows:
n=0.013 8, 9=2.876 9x102°J, M=1.670 2x10*°J.

The function of As/P flux ratio F and arsenic

composition y is transformed into

3
FAS,P=0.0138(LJ :
1=y

-20 -20 2
{ex 2.8769x1072°(1-2y) +1.6702x10~ (16)

1.38x1072T

The results of calculations and experimental data
are shown in Fig.6.
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Fig.5 Dependence of As/P flux ratio on arsenic composition
(according to experimental data of EGOROV et al[8])
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Fig.6 Dependence of As/P flux ratio on arsenic composition

(according to experimental data of HAO et al[15])

3.5 Thermodynamic analysis for quaternary
compounds
For the quaternary compounds, growth of

Ga,In; (As,P,, on GaAs substrate by solid source MBE
had been reported[16—17]. The compound formed during
the growth of In,Ga, ,AsP;-, on GaAs substrate can be
considered a mixture of two groups of ternary
compounds InGaP and GaAsP through the following
reaction:

InGaP(or InGaAs)+InAsP(or GaAsP)—InGaAsP (17)
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The thermodynamic model for growth of In,Ga,_.P
on GaAs substrate with group V elements fixed as the
function of group III elements In/Ga flux ratio F, growth
temperature and composition can be expressed as

( BJ x?
FloGa =| g —exp| A+—

T)Ja-x?
_ _ 2
oy 202+ M (x—0.485) %)
kT

While the thermodynamic model for the growth of
GaAs,P,, on GaAs substrate with group III elements
composition fixed as the function of group V elements
As/P flux ratio, growth temperature and composition can
be expressed as

3

D _y
Fpgp =| 09 —exp| C+— ||| ——
As/P 0 P[ Tj -y

2
_ 12
exp (1-2y)2+M(y-1)

o7 (19)

where C and D are constants independent of temperature
in the same compound.

Therefore, the above equations (18) and (19) can be
used to predict the growth of InGaAsP on GaAs substrate
and the control of InGaAsP quaternary compound.

4 Conclusions

1) The thermodynamic growth models for
InGaP/GaAs, InGaAs/InP, GaAsP/GaAs and InAsP/InP
are developed and evaluated.

2) As two very sensitive parameters are added into
function simultaneously for the first time, the lattice
strain energy AG and thermal decomposition sensitive to
growth temperatures.

3) In the growth of III-V compound semiconductor
materials by MBE, the calculated results reveal the
interactional relations of the main parameters: flux ratio,
growth temperature and the alloy composition. The
calculation results fit very well the experimental and
reported data.
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