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Abstract

An atiempt has been made to tavestigate nucleation and growth mechanism of IV compound semiconductors
from vapour-phase epitaxy (VPE) and liquid-phase electroepitaxial (LPEE) growth techniques. Critical nucieation
parameters have been derived using classical heterogeneous aucleation theory. The growth rate expressions have
been developed 1n terms of maput parameters for VPE and LPEL growth techniques. The model has been employed
to understand the growth kinetics of quaternary Ga;-,In,Asi_\P, m the In-Ga-HCI~PH;-AsH;—H; system during
VPE growth and InAs during LPEE growth process. The effect of ditferent experimental input parameters on the
nucleation and growth behaviour have been studied in detail,

Keywords: Vapour-phase epitaxy, electroepitaxy, nucleation, galhum mdiem arsemde phosphide, compositions,
concentrauon profiles, Peltier cffect electromigraion,

1. Introduction

In recent years, there has been tremendous development in the fabrication of electronic
and optoelectronic device structures due to extensive work carried out for the growth of
epilayers. Considering the recent trends from a technological point of view vapour-phase
epitaxy (VPE) and liquid-phase electroepitaxy (LPEE) are found to be suitable methods
fo grow device-quality layers. In this communication, we report a model which has been
developed to understand the nucleation and growth mechanism of VPE technique em-
ployed for the growth of Ga,_,In,As;_P,. A numerical model has been developed for
InAs growth from liquid-phase electroepitaxy.

Though considerable work has been done on the deposition of Ga;_In,As. P,
layers' 2, vapour-phase epitaxial growth of this quaternary is still a challenging problem
and its mechanism has not been investigated in detail’. Hence, fundamental investiga-
tions are necessary te understand the mechanism of deposition. Nucleation kinetics have
been studied and critical nucleation parameters have been derived in terms of substrate
supercooling and orientations. Vapour-phase epitaxial growth of quaternary Ga,.yin,
As; P, is described by 19 equilibrium reactions. The expression for the compositions
(x,y) of the alloy is derived as a function of inpui parameters. ‘

Liquid-phase electroepiiaxy is one of the novel techniques for the growth of compo-
sitionally uniform, controlled thickness and lew dislocation ingots of I~V compound
semiconductors. In this technique, under isothermal conditions, epilayers are grown by
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passing an electric current through substrate-solution interface. The applied electric
field is the main driving force for the growth of the epitaxial layers.

Due to several advantages of this technique over the conventional LPE, extensive ex.
perimental and theoretical work has been carried out by passing electric current in
modified LPE systcm“’m. A knowledge of concentration gradient of the solute atoms in
front of the growing crystal-solution interface is very essential to understand the growth
kinetics of the epilayers. In this communication, we present the theoretical model based
on Peltier effect and electromigration to understand the growth kinetics of compound
semiconductors by this novel technigue.

2. Nucleation and growth kinetics
2.1. Epitaxial nucleation of Ga,_,in,As; Py

Any quaternary alloy can be considered as the constituent of four binary compounds. The
amount of free energy associated with the formation of Ga,_,In,As; P, nucleus contain-
ing a number of GaAs, b number of InAs, ¢ number of GaP and d number InP molecules
on the given substrate is'’,

AG = ~aAL s ~ Al — L gp — At + 10 sin” B(0 |, ~ O 53 )+ 277 (1- cosO)a 5

1)
where Aplgiass Afimas, Algap 20d Agiep are the change in chemical potentials of GaAs,
InAs, GaP and InP, respectively, G, 6y, and o3 are the surface-free energies per unit
area between the substrate and gaseous mother phase, between the nucleus and substrate
and between the nucleus and mother phase, respectively, and € is the contact angle of the
nucleus. The negative sign in eqn (1) indicates that the free energy change per unit vol-
ume of the nucleus is a negative quantity for the supersaturated system.

The critical radius

¥ =P o3/, @

The number of Ga;_,In,As;_,P, molecules in the critical nucleus
a*+b* ot bd* = (37 p? 013/30%) (2~ 30050+ cos” 6). 3

The free energy formation of the critical nacleuns is
AGH=(4 p* oy /307) (2-3c0s 8+ cos? 6), )
where

P = (1) (19) Voaas + y(1-2) Vigas + 2(1-Y) Voap + 2y Vige, (5a)
Q = (1=0) (1) Alans + y(1-x) Aflpaas + {1y} Aliap + xy Apinp, (5b)
0= (1-x) (1) Ggans + Y(1-x) Guas + x(1—y) Bgap + xy Bigp, (5¢)

O1(111) = (1) (1-Y) Ggans + (1-x) Gtaas + X(1y) Toap + XY Cinps (54
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where V is the molar volurmne and x and y are the composition of phosphorus and indium
in the quaternary alloy and these values are related 16 @, b, ¢ and d through the relation

x=(c+dfla+b+c+dyandy=d+dia+b+c+d.

In order to study the effect of orientation of the substrate on the nucleation parame-
ters, the surface-free energy per unit area between substrate and gaseous mother phase,
73, should be evaluated as a function of orientation and it is given by'>,

o13(hil) = [An(hkl) p(hkD)y Eolcl, (6a)

where An(hkl) is the number of bonds broken, p, the density of face packing, Ey, the en-
ergy of the bond and ¢, the coordination number. The numerical values used for the zinc

blend structure are
C =4, An(100) =2, An(110) = 1, An(100) =1
p(100) = 2/, p(110) = 4/a? 2, p(100) = 4/a? 3
where g, is the lattice constani. Assuming the coefficients of temperature dependence
dofdT to be equal, the surface free energy as a function of orientations'? is given by
ai3(111):013(110):073(100) = 1:1.2:1.7. (6b)

The estimation of chemical potentials Afigaas Afimas Ao and Agige, are made as
lhe product of the change in entropies Asgaas, ASmas, AScap, Hswp and substrate supercool-
ing AT, respectively.

2.2. Vapour-phase deposition of Ga,_In,As; P,

The overall deposition of quaternary Ga;.,In,As;_P; from the vapour phase can be writ-
ten as
(1-y)GaCKg) + yInCl(g) + (1-x) (1/4) Asa(g) + x(1/4)P4(g)
+ (U2Hy(2) £ Gay_In As;P.(s) + HCUg). N
It is considered that this reaction contains the following intermediate reactions dur-
ing growth:

AsH;(g) B=(1/4) Asi(g) + (3/2) Ha(®) (8
PHy(g) Z=(1/4) Py(g) + (3/2) Ha(g) ©)
(1/4) Ass(g) Z(1/2) Asy(g) (10)
(114) Pu(g) £ (112) Po(®) an

(1/2) Asy(g) + * E=As* (12)

(1/2) Pyfg) + * Z=P* (13)

GaCl (g} + * Z=Gacl* (4
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InCl(g) + LxInCi* (15)

As* + Gacl(g) K%AsGaCI* (16)

As* + Incl(g) "L AsInCl* an

P* + Gacl(y) UxPGaCl* (18)

P* + Incl(g) nPInCl* (19)
AsGaCl* +(1/2) Hy(g) i GaAs* + HCU(g) 20)
ASInCI* + (1/2) Ho(g) ‘LnlnAs* + HCI(g) (213
PGaCl* + (1/2) Hy(g) nGaP* + HCI(g) (22)
PInCI* + (1/2) Hy(g) “sToP* + HCH(Z) (23)

xy InP* + x(1-y) GaP* + y(1-x) InAs* + (1-x)(1-y) GaAs* Kﬂv_bGar-ylnyAS]ﬂP,* 24)
GayIn,As; . P; “Gay Tn As P () + %, (2%

where * denotes the vacant site for adsorption and the subscript g is used for gaseous
state and s for solid state. The equilibrium constants for these reactions are taken from
liorature' !¢

Assuming the formation of the complex molecules AsGaCl, AsInCl, PGaCl, PInCl as
the rate-determining steps, the growth of respective binary which are constituents of
quaternary can be written in terms of partial pressure as

KKK K, P asH, PGact
Pﬁx-llzz(l*’KlKaKs Pstl, /ij-xl,z +K; poact + KiKGK Ky Pas,.
Peact /Pix/z2 +KK3KsKoKis, poucs Pas, / Prar PHZ) (26)

Rgaps =

Similarly, the growth rate of other binaries (InAs, GaP, InP) are also derived. The

growth rate R of the quaternary GalnAsP can be expressed as the sum of the deposition
rates of four binaries as

Roamasr = Rgaas + Ruas + Roap + Binp. (27)
Hence the phosphorus (x) composition in the Gay_yIn,As, P, alloy is
_ (Row +R1nP); (28)
Riaimase

and the composition of indivm is
{Runas + Risp)

RGainAsP

2%
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2.3. Liquid-phase electroepitaxial growth model for InAs

In the present work, the diffusion treatment equation in the conventional LPE process
has been modified to incorporate the electromigration effect. The mobility ¢ and the
applied electric field E in the melt have significant contributions in the electromigration
of the -solute species. The direction of the applied electric field induces either Peltier
cooling or Peltier heating at the solution—substrate interface. The one-dimensional equa-
tion for the electroepitaxial system can be written as'®

*Cc  9cC aC _ac

Dy vk R =
7% "az dz ot

G0
where D and U are the diffusion coefficient and mobility of As in molten In; v, the
growth velocity of the interface and C, the As concentration. (The sign & of the elec-
tromigration term is determined by the direction of the current flow)

Assuming, for the case of LPEE growth,
y— << D (€2)
z

(30) can be written as

DIl =22 (32)

In the present calculations, we have followed the methods of Crossley and Small' to
calculate the concentration of the solute atoms in front of the growing.crystal. The solu-
tion in front of the InAs crystal interface in the LPEE system has been segmented into 30
segments of width € and each segment has the concentration Ci, Cy, ..C,,..Cyo at any
given time (where j=1 to 30 is the segment number). The following boundary condi-
tions are applied to simulate the concentration profiles,

At:=0, C=C, for all z (33a)
Att>0 C=0Cy for z=30e (in the absence of convection) (33b)
or

Att>0 C=Cy forz=38 (in the presence of convection)  (33c)
At >0 and C=C (growth follows the liquidus line) (33d)
z=0,

where Cy is the equilibrium concentration at 620°C, Cj, the concentration of the solute
species near the interface and z, the distance from the advancing growth interface. The
concentration of the As atoms at the equilibrium conditions can be determined at a tem-
perature of 620°C from the equation

Co=5.11 x 10% exp[8.429-(1.0602 x 10°)/T]. 34)

The change in the concentration in the jth segment due to the Peltier effect egxqgelec-
tromigration at the next step is obtained by solving eqn (32) and can be given as™~
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C

yv

Dt | HET
Chnnt =C;, +ET( =2, +C/+:’«”> * E_E_{C/”JI C_/—l,n)’ (35
where T is a small time step taken for the growth of epitaxial layers. Simulations of the
concentration of the solute atoms for successive intervals of time at constant temperature
and electric field have been carried out to understand the growth mechanism in In-As

system.

Growth/dissolution rates of the epilayers have been calculated during the electroepi-
taxial growth of semiconductors. In the absence of convection, growth/dissolution rates
can be given as

Ve AT,m(D/ 7)) ~uE C (1) -
C,~Cy
in the presence of convection

Ve AT,m{(D 8} —uE C, ()

37
C,-¢, @7

where m = dC/dT, AT, is the change in interface temperature, 3, the thickness of solute
boundary layer, C, the concentration in the solid and C\ (), the concentration at liquid.

3. Results and discassion

Let pua (1) and pye (2) be the partial pressures of HCI introduced into the molten Ga
and In, respectively, to produce [II group monochlorides (GaCl, InCl).
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Figure [ shows the critical radius and the number of GalnAsP molecules in the criti-
cal nucleus in GagsIn 3sAs 2Py alloy as a function of supercooling. The (111) orienta-
tion has the lowest values of the nucleation parameters.

Figure 2 shows the critical free energy barrier for the formation of Ga gsIn 3sAs 2,p 79
nucleus as a function of supercooling. For a particular supercooling, the (100) orienta-
tion gives the highest free energy barrier for the formation of Ga gsln 35As 3;p 79 nuCleus,

Figure 3 shows the calculated crystal composition x as a function of partial pressure
ratio p,,HJ/(pPH3 +p ASHa) for various deposition temperatures. The phosphorus composi-

tion in the alloy increases with increase in the deposition temperature. The dependence
of the indium compesition in the quaternary alloy grown on the mole ratio puci(1)/(puci
(1) + pucy (2)) for various values of phosphorus mole ratio is shown in Fig. 4. The calcu-
lated input partial pressures of the constituent species for various solid compositions x of
Ga,.,In,As,_ P, alloy are shown in Fig. 5. From this numerical chart it is possible to de-
termine the exact experimental conditions for the growth of alloy of desired composi-
tions.

Computer stmulation technique has been employed fo construct the concentra-
tion profiles of As in the In-rich melt during InAs growih. The effect of Peltier cooling
and Peltier heating caused due to the application of electric field between the substrate—
solution interface has been incorporated in constructing the concentration profiles of As
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species. Figures 6 and 7 show the concentration profiles of As in In-rich melt for differ-
ent intervals of time during Peltier cooling and Peltier heating at the interface assuming
AT, =42°C, solution height of 0.6 cm, diffusion coefficient of As species as 8.241x
107 cm®/s and an applied current density of 10 Afcm”. Due to Peltier cooling, there is a
supersaturation which leads to the growth of epilayers over the substrate. Hence, there is
a decrease in the concentration of p near the interface as shown in Fig. 6. During Peltier
heating, the concentration of the solute atoms increases near the interface due to disso-
lution of the substrate and grown epilayers with time as shown in Fig. 7.

Concentration profiles have been constructed in the solution for different values of
applied electric field yE when time ¢ = 5 min (Fig. 8). It is observed that there is a de-
crease in the concentration of As atoms as the applied electric field is increased due to
growth caused by Peliier cooling. Also there is dissolution at the interface due to Peltier
heating when the direction of the applied electric field is reversed which increases the
concentration of As atoms near the interface as the electric field is increased.

In Fig. 9, concentration profiles for different values of change in interface tempera-
ture AT, have been shown when ¢ = 5 min. The concentration of As atoms decreases due
to Peltier cooling as the change in interface temperature increases. Also there is an in-
crease in the concentration of As atoms due to dissolution as the interface temperature
increases due to Peltier heating.
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In the presence of convection, growth or dissolution rates have been plotted against
change in the interface temperature AT, for different values of sclute boundary layer
thickness & formed due to the presence of convection (Fig. 10). As the thickness of the
boundary layer decreases, there is an increase in the deposition or dissolution rate of the
epitaxial layers. At larger thickness of solute boundary layers at the solution—substrate
interface, the growth/dissolution rates decrease with change in interface temperature.
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FIG. 9. Concentration profiles of As for different
changes m interface temperature AT, during InAs
growth.
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Typical values used for the growth of quaternary alloy are:

Cans = 250 crg om™” Gpas = 350 erg om™

G = 300 erg e Opp = 200 erg cra™

for (111) orientations

ASgaas = 32.17 cal mol” X! ASias = 28.23 cal mol™ K™
ASgap = 27.27 cal mol” K™ ASpp = 33.40 cal mot™ K™
Bgansd = 40.54° Bgup = 36.87°, Bp = 45.57°
Onae = 34.05°

4, Conclusion

A kinetic model! has been developed to understand the nucleation and growth mechanism
of vapour-phase epitaxial growth of quaternary Ga,_In,As; P, alloy and electroepitaxial
growth of InAs. The orientation effects on the critical nucleation parameters are studied.
The expressions for the solid compositions are deduced from the growth rate expres-
sions. The effect of different experimental input parameters on the composition is stud-
ied. Concentration profiles of the solute atoms during InAs electroepitaxial growth have
been constructed using computer simulation technique for different experimental condi-
tions. Growth/dissolution rates have been calculated in the presence of convection. Thus,
the developed model accounts for different experimental conditions for the suitability of
epitaxial layers for device applications.
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