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Abstract 

An attempt has been made to Investigate nucleation and growth rnechantsrn of Ill-V compound maiconductors 
from rapnur-phase cpilary (VPE) and liqutd-phase electrocpoaxlni (LPEE) growth tcchoiques. C i i r ~ d  nucleation 
parameters have been dcnved using clawcal he1crogeneous nuclemon theory. The growth rate enpressmnr have 
bcen developed ~n terms ot inpill parameters tor VPE and LPEE growth tcchniqusb. The modol ihas been employed 
to understand the growth kinetics of quaternary Gai.,in,Asl-,P, m the In-Cia-HCI-pHj-AstI3-H? system during 
VPE growth and lnAs during LPEE growth proem The effect of different rxpeimcntal input paratneterr on the 
nucleation and growth behawour have been vudled i n  dctull. 

Keywords: Vspoui-phase upltaxy. slectioepmny, nuclcatlon, gallmrn mdlurn aren:de phosph~de. cornpontmns, 
corlcentiiliion profiles. Pcltiei cIfest e!ccttom~gratiun 

I. Introduction 

In recent years, there has been tremendous development i n  the fabrication of electronic 
and optoelectronic device structures due to extensive work carried out for the growth of 
epilayers. Considcring thc recent trends from a technological point of view vapour-phase 
cpitaxy (VPE) and liquid-phase electroepitaxy (LPEE) are found to be suitable methods 
lo grow device-quality layers. In this communication, we report a model which has been 
developed to understand the tiucieation and growth mechanism of VPE technique em- 
ployed for the growth of U a l ~ ~ I n , , A s I ~ , P . ~ .  A numerical model has been developed for 
lnAs growth from liquid-phase electroepitaxy. 

Though considerable work has been done on the deposition of Gal-,Tn,As,.,P, 
layers'", vapour-phase epitaxial growth of t h ~ s  quaternary is stil! a challenging problem 
and its mechanism has not been investigated in detail3. Hcnce, fundamental investiga- 
tions are necessary t o  undelstand the mechanism of deposition. Nucleation kinetics have 
heen studied and critical nucleation parameters have been derived in terms of sirbstrete 
supercooling and orientations. Vapour-phase epitaxial growth of quaternary Gal.yln, 
hd', is described by 19 equiiibrium reactions. The  expression for the compositions 
k y )  of the alloy is derived as  a function of input parameters. 

Liquid-phase electroepitaxy is one of the novel techniques for the growth of conapo- 
sitioaaily u n i h r m ,  contro!led thickness and low dislocation ingots of III-V compou!ld 
semiconductors. In this technique, under isothermal conditions, epiiayers are grown by 



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 eiectric current in a 
modified LPE system4-10. A knowledge of concentration gradient of the solute atoms in 
front of the growlng 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 eleclromigration to understand the growth kinetics of Compound 
semiconductors by this novel technique. 

2. Nucleation and  growth kinetics 

2.1. Epitaxial nucleation o f  Ca,-Jn,As,.,P, 

Any quaternary alloy can be considered as the constituent of four binary compounds. The 
amount of free energy associated with the formation of Gal,In,Asi.,P, nuclcus contain- 
ing a number ot GaAs, b number of InAs, c number of Gap  and d number InP molecules 
on the given substrate is1', 

wbere A ~ G ~ A ~ .  A,LI~~A~. A p ~ ~ p  and Aplnp are the change in chemical porentiais of CaAs, 
InAs, GaP and InP, respectively, q,, G, ,  and 6, are the surface-free encrgies per unit 
area between the substrate and gaseous mother phase, between the nucleus and substrate 
and between the nucleus and mother phase, respectively, and 8 is thc 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 

The number of Gal-,1n,As1.,P, molecules in the critical nucleus 

The free energy formation of the critical nucleus is 

where 
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where V is the molar volume and x and y are the composition of phosphorus and indium 
In the quaternary alloy and these values are related to a, 6, c and d through the relation 

x = (c + d)l(n + b + c + d) and y = (b + @/(a + b + c + 4. 

In order to study the effect of orienlation of the substrate on the nucleation pararne- 
ters, the surface-free energy per unit area between substrate and gaseous mother phase, 
a],, should be evaluated as a funcilon of orientation and it 1s given by1', 

where An(hkl) is the number oh bonds broken, p, the density of face packing, Eo, the en- 
ergy of the bond and c, the coordrnation number. The numerical values used for the zinc 
blend structure are 

where a, is the lattice constant. Assuming the coefficients of temperature dependence 
drildT to be equal, the surface free energy as a function of orientations" is given by 

ul~(111):q3(l10):q3(100) = 1:1.2:1.7. (6b) 

The estimation of chemical potentials ApGaA,, A p f n ~ s .  ApGAp and are made as 
Lhe product of the change in entropics AsGaAsr AS;.,,,, AsCap, AslnP and substrate supercool- 
ing AT, respectively. 

2.2. Vapour-phase deposition of Gal,In,Asl,P, 

The overall deposit~on of quaternary Ga,_yln,Asl_xPz from the vapour phase can be writ- 

fen as 
(I-y)GaCl(g) + ylnCl(g) + (I-x) (114) As.&) +x(l/4)P&) 

It is considered that this reaction contains the following intermediate reaclions dur- 
ing growth: 

ASH&) h ( 1 1 4 )  Asdg) + (312) &(g) (8) 
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xy lnP* + x(1-y) Gap* + y(l-n) InAs* + (1-*)(I-y) GaAs* K ~ ~ a , . , l n , , ~ s l _ x ~ , '  (24) 

where * denotes the vacant site for adsorption and the slibscript g is used for gaseous 
stale and s for solid state. The equilibrium constants for these reactions are taken liom 
~i tc ra turz '~- '~  

Assuming the formation of the complex molecules AsGaC1, AsInC1, PGaCI, PInCl as 
the ratc-determining steps, the growth of respective binary which are constituents of 
quaternary can be written in terms of partial pressure as 

Similarly, the growth rate of other birlariea (InAs, Gap, InP) are also derived. The 
growth rate R of the quaternary GaInAsP can be expressed as the sum of the deposition 
rates of four binaries as 

&&A$ = R G ~ A ~  + R J ~ A S  + R G ~ P  + dl,+ (27) 

Wcoce the phoaphorus ( x )  composition in the Gal,ln,Asl_xiP, alloy is 

and the compmition of indium 1s 

Y = 
(Rm, + Rh, 1 

R ~ a b A s ~  



GROWTH KINETICS OF COMPOUND SEMICONDUCTORS 227 

2.3. Liquid-phase electroepitavial growth model for I d s  

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

where D and p 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 f of the elec- 
tromigration term is determined by the direction of the current flow3 

Assuming, for the case of LPEE growth, 

(30) can be written as 

In the present calculations, we have followed the methods of Crossley and  mall" to 
calculate the concentration of the solute atoms in front of the growing.crysta1. The solu- 
tion in front of the InAs crystal interface in the LPEE system has been segmented into 30 
segments of width G and each segment has the concentration CI, Cz, ..C,,..Cso 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 t = 0, C = Co for all z (33a) 

A t t > O  C = Co for z = 306 (in the absence of convection) (33b) 

A t t > O  C = Co for z = 6 (in the presence of convection) (33c) 

At 1 2  0 and C = Cl 
z = o ,  

(growth follows the liquidus line) (33d) 

where Co is the equilibrium concentration at 620"C, CI ,  the concentration of the soiute 
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 tern- 
perature of 620°C from the equation 

The change in the concentration in the jth segment due to the Peltier effzct and elec- 
tromigration at the next step is obtained by solving eqn (32) and can he given as'8''' 



where 2 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 epiiayers have been calculated during the electroepi- 
taxial growth of semiconductors. In the absence of convection, growthldissoiution rates 
can be given as 

~ ~ p ( ~ / n t ) ~ ' ~  -@ C L ( t )  
V = 

cs -c, (36) 

In the presence of convection 

A T ~ ( D  I 6)''' - @ CC,(t)  
V = 

C9 -G 
where m = dCldT, AT, is the change in interface tcmperature, F, the thickness of solute 
boundary layer, C,,  the concentration in the solid and CL(!). the concentration at liquid. 

3. Results and discussion 

Let ~ H C ,  (1) and pllcl (2) be the partial pressures of HCI mtrodmced into ?he mollen Ga 
and In, respectively, to produce 111 group monochlorides (GaCI, InCI). 

A T ( K I  AT(K) 
FIG. i .  Crrl~cal w e  and nurnher of GdnAsP mole- RG. 2. Cnrncai fire energy harrier ol GalnAsP nu- 
cules in the critical nucleus as a function of supercool- cleus vs supercwiirlg Tor diflcred oiieneations of the 
ing for different orientatians of the substrale surface. substrate surface. 
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Figure I shows the critical radius and the number of GalnAsP molecules in the criti- 
cal nucleils in GasiTnrtsAs Z I P  79 alloy as a function of supercooling. The ( 9  11) orienta- 
tion has the lowest values of the nucleation parameters. 

Figure 2 shows the critical f ~ e e  energy barrier for the formation of Ga6sInssAs,,,p79 
nucleus as a function of supercooling. For a particular supercooling. the (100) orienta- 
tion gives the highesl free energy barrier for the formation of Ga6SPn.35As 21p.79 nucleus. 

Figure 3 shows the calculated cryslai composition x as a function of partial pressure 

ppH,/(PpH, +pAaW,) for various deposition temperatures. The phosphorus composi- 

tion in the alloy increases with increase m the deposition temperature. The dependence 
of the indium composition in the quaternary alloy grown on the mole ratio pHCI(l) /(~HCI 

(1) + pHcr (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 
Gal ,In,As,_,Px 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 composl- 
tlOI?S. 

Compurcr simulation techniiue has been employed to construct the concentra- 
tion profiles of As in the In-rich melt during lnAs growth. The effect of Peltier cooling 
and Peltier heating caused due to the application of electric field between the snhstrate- 
solution interface has been incorporated in constructing the concentralion profiles of As 



Peltier cooling 

0 0 2 0 4 

Gq.ylny As Gq.y InY? olstonce of the tayericm) 

Fic. 5 Calculated parnal pressuies of different spe- FIG. 6. Concentration profiles of As durlng elrctroepl- 
cies inu'de the reactor for the growth of quarmary tarial growth of lnAs durlng Peltier eoolmng for d~ffer- 
Ga,,In,As,-,P, alloy as a function of phosphorus ent intervals of time. 
cornpositron x .  

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, =tZ°C, solution height of 0.6 cm, diffusion coefficient of As species as 8.241 X 

cm2/s and an applied current density of 10 ~/crn'. Due to Peltier cooling, there is a 
supersaturation which leads to the growth of epilayers over the substrate. Hence, there 1s 

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 p.E when time t = 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 Peltier 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 t = 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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FIG 7. Concentration profiles of As during Peltier FIG 8. Concentration profiles of As lor d~fferent 
heatmg for dtfferent intervals of time for lnAs growth. electric fields for Pellier cooling/hea[ing alter a trme 

gap of 5 mm. 

In the presence of convection, growth or dissolution rates have been plotted against 
change in the interface temperature AT, for different values of solute boundary layer 
thickness S formed due to the presence o i  convection (Fig. 10). As the thickness of the 
boundary layer decreases, these is an increase in  the deposition or dissollition 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 ~nterface temperature. 



Typical values used for the growth of quaternary aiioy are: 

oG,,, = 250 crg cm-* 
oc,, = 300 erg cm2 
for (11 I )  orientatmns 
ASGBAr = 32.17 cal mol-' X-I 

ASGaP = 27.27 cal mol-I K' 
BGaAS8 = 40 54" 
e,"Ac = 34.0s0 

a,,,,, = 350 erg 
qDp = 200 erg c ~ n - ~  

AS!,,, = 28.23 cal mol-I R! 
Mlnp = 33 40 cal mol-' K-' 
@G.>P = 36.87". Oinp = 45.57' 

4. Conclusion 

A kinetic model has been developed to understand the nucleation and growth mechanism 
of vapour-phase epitaxial growth &quaternary Gal_,In,Asl,P, alloy and electroepitaxlal 
groulh 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 efCect of different experimental inpul parameters on the compositioa is stud- 
ied. Concentration profiles of the solute atoms during I d s  electroepitaxial growth have 
been constructed using computer sirnulation technique for different experimental condi- 
tions. Growth/dissolution rates have been calculated in the presence of convection. Thus, 
the developed model accounts tor different experimental condilions for the suitahility of 
epitaxial layers for device applications. 
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