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Abstract 

A GaInAsP GSMBE growth model considering an intermediate state is presented. This model is very simple 
and needs only two fitting parameters, klrc and ken, which iwe determined from the experimental results of 
Inl-,Ga,As,P~-, on InP (0 < z < 0.47 and 0 < y < 1) and In1-,Ga,AsYPl-, on GaAs (0.51 < z < 1 and 
0 < y < 1). At a growth temperature of 48OoC, they are 27.5 2.75, respectively. Their temperature depeit- 
dancy, i. e., activation energies are -27.5 and -457 meV, respectively. The average lattice mismatch difference 
between the theoretical and experimental results of grown epillayers is less than 7 x lo-*. 

I. Introduction 

On the gas source molecular beam epitaxial growth 
of the mixed group V compound semiconductor 
Inl-&a,A8yPl-y, to control the composition y is 
crucial. In previous studies'-", it is foundl that the 
AsH3 to  PH3 flow rate ratio can not solely decide 
the composition y. V to 111 flux ratio, compositioii x, 
substrate temperature, As2 and Pz fluxes all play im- 
port ant roles on the composition control of the group 
V elements. A simple but efficient method is needed 
for growing this important optoelectronic material. 
In this study, we propose a simple unified GSMBE 
growth model for this quarternary alloy. This model 
considers an intermediate state for the atoms. In this 
state, group V elements may be either desorbed or in- 
corporated into the epilayer, and the group I11 atoms 
can only be incorporated. Rate equations considering 
the incident flux rates, desorption rates and incorpo- 
ration rates of these elements are solved to determine 
their intermediate state densities and the solid com- 
positon of y. This model is very simple and needs only 
two fitting parameters, kl, and k ~ ~ ,  whose physi- 
cal meanings are the product of As to P desorption 
time constant ratio and incorporation rate constant 
ratio for InAs,Pl-, and GaAs,Pl-,, respectively. A 
series of Inl-,Ga,AsyPl-, epilayers growin on InP 
with 0 < x < 0.47 and 0 < y < 1 and on GaAs with 
0.51 < z < 1 and 0 < y < 1 were used to fit the 
parameters. The experimental and theoretical lat- 
tice mismatch of the grown epilayers are all within 
2 x These good fitting results indicate that 
this model can cover the whole composition range of 
GaInAsP. 

XI. Growth Model 
In this model, an intermediate state in which the in- 

cident group V atoms can be adsorbed is considered. 
These absorbed group V atoms can either incorpe 
rate into the crystal or desorb away from the growing 
surface. The rate equations of the group V atoms on 
the intermediate state can be expressed as follows: 

where N A a  and N p  are the As and P atom concen- 
trations in the intermediate state, respectively, fAa 

and f p  are the incident flux rates of gas sources As 
and P, respectively, eAs and d A a  and e p  and d p  are 
the incorporation and desorption rates of gas sources 
As and P, respectively. In our GSMBE, a conversion 
factor which has been determined to be 0.496Iq2 is 
used to convert the gas source flow rate to incident 
flux rate. The units of the flux rates, desorption rates 
and the flow rates are ML/sec, ML/sec and SCCM, 
respectively. 

Next, consider the chemical reactions on the grow- 
ing surface: 

1/2AS2(,) = AS(,,) (3)  
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where m s  represents the intermediate state. The As 
and P incorporation rates for the chemical reactions 
are: 

e p  = k I n p N p N I n  + k G a p N P N G a  (10) 

where NIn,Nca ,  N A 8 ,  and N p  are the atom concen- 
trations of I n ,  Ga , As, and P atoms on the inter- 
mediate state, respectively, and k I n A a r  k r n p ,  kGaAs ,  

k G a p ,  are the rate  constants for the reactions (5) to 
(S), respectively. 

If the growth temperature is not too high and 
V / I I I  > 1, the desorption of group 111 can be ig- 
nored. We can obtain the following equations: 

fTn = ( k I n A s N A s  + k I n P N P )  X N I ,  (11) 

where f i n  and fGn are the incident flux rates of In and 
Ga beams, respectively. Therefore, the incorporation 
rate of As and P can be formulated as: 

The solid group V composition ratio of 
Ga, Inl- iAs,  PI - y  is, 

(21) 
Y eAa f A s - d A s  -- - - 

1 - y  e p  f p - d p  

With fin, f G a ,  f A d l  fP1  k I n  and kGa as input pa- 
rameters, d A s  and d p  can be solved numerically from 
E.1. (17) and (18). And then, the solid composition y 
can be determined from Eq. (21). Among the input 
parameters, the incorporation parameters, i. e., kIn 
and kGa,  have to be determined experimentally. 

HI. Experiments 
In order to  determine the incorporation parame- 

ters, a series of GazInl--sAsyP1-y quaternary alloys 
on (100) InP and GaAs were grown by VG V80H 
GSMBE. High purity hydrides (PH3 and AsH3) and 
elemental group I11 sources (In and Ga) were used. 
By using the Baratron capacitance manometer, the 
gas flow rate can be controlled accurately within 
O.01SCCM. After growth, room temperature pholo- 
luminescence (PL), electron probe 

The desorption rate can be written as the interme- 
diate state concentration divided by the desorption 
time constant: 

[ 15) 
N A ~  

dAs  = - 
TA s 

NP 
d p  = - 

rP  

where TA8 and r p  are the desorption time constants 
of As and P, respectively. 

Under steady state conditions, the rate equations 
(1) and (2) become: 

with 

where AEI ,  and kyn and A E G ~  and k g a  are the ac- 
tivation energies and the zero temperature intercepts 
of kI,, and kGa,  respectively, T, is the substrate tem- 
perature (K), and k g  is Boltzmann's constant. 

micro-analysis (EPMA) ,single crystal x-ray (400) 
plane diffraction (XRD) and conventional beam 
equivalent pressure (BEP) ratio method were adopted 
for the determination of the solid composition of these 
Ga, Inl-,AsyP1-y layers. 

TV. Results and Discussion 
Least square fitting method were used to extract 

the incorporation parameters. For samples grown 
at 48Ooc, the best fitting values of kIn and kGa 

are 27.5 and 2.75. Based on these two parameters, 
the growth conditions of GaInAsP on InP and GaAs 
are calculated. Figure 1 shows the diagram of ar- 
senic solid composition in Ga,Inl-,AsyP1-y versus 
Ga composition for different AsH3 flow rate ratio 
(z fAs  = AsH3/(AsH3 + PH3)) a t  48OoC, while the 
group V to group I11 flux ratio is kept at  5 .  The two 
dashed lines represent the alloy compositions lattice 
matched to I n P  and G a A s ,  respectively. This calcu- 
lation agrees with the thermodynamic analysis by H. 
Seki and A. Koukitu.* 

To determine the temperature dependency of krn 
and kGa, the compositions of quaterary GaInAsP lay- 
ers grown at temperatures from 420 to 520'C were 
used to fit the four parameters of Eq. (19) and (20). 
The best fitting values of AEI ,  and kyn and A E G , ~  
and k g a  are 18 and -27.5 meV and O.OC)IL4 and -457 
meV, respectively. 
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Fig. 1 The diagram of arsenic solid composition in 
Ga,Inl-,AsyP~-y versus G a  composition for differ- 
ent AsH3 flow rate ratio ( z f A s  = (AsH3/AsH3 + 
PH3)),  while the group V to group I11 flux ratio is 
kept a t  5 and the substrate temperature is 48OOC. 
The two dashed lines represent the alloy compositions 
lattice-matched to InP and GaAs, respectively. 
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Fig. 2 The experimental results and theoretical 
curves for the phosphous solid composition of lattice- 
matched Ga,Inl-,AsyP~-y as afunction of the PH3 
flow rate ratio. The growth temperature is 4:5OoC. 
V/III ratios are 6 and 5 for those grown on GaAs and 
InP, respectively. 

Fig. 2 shows the phosphous mole fraction (1-y) for 
lattice-matched Ga,Inl-,Asy as a function of 
the PH3 flow rate ratio. Data of GaInAsP grown on 

GaAs and InP are both plotted in the figure. The 
GaIrtAsP on GaAs layers were grown a t  - 450°C 
and with a V/III ratio of 6, while those GaInAsP on 
InP were grown at  the same temperature but with 
a smaller V/III ratio of 5. As can be seen, both the 
curves are in excellent agreement with the experimen- 
tal results. 
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(b) 
Fig. 3 The diagram of arsenic solid composition in 
Ga, Inl-,As,Pl-, versus G a  composition for differ- 
ent AsH3 flow rate ratio ( z f A s  = ( A s H 3 / A s H 3  + 
PH3) ) .  The two dashed lines represent the alloy 
compositions lattice-matched to InP  and GaAs, re- 
spectiveby. The experimental results and theoretical 
curves of GaInAsP on InP and GaInAsP on GaAs are 
shown in (a) and (b), respectively. 
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Fig. 3(a) and (b) show the diagrams of arsenic mole 
fraction in Ga, Inl- ,As,P~-,  versus gallium mole 
fraction for different A3H3 flow rate ratio (x f A3 = 
AsH3/(AsH3 + PH3)).  The two dashed lines repre- 
sent the alloy compositions lattice matched to InP  
and GaAs, The results of GaInAsP on InP and 
GaInAsP on GaAs with their theoretical curves are 
plotted in Fig. 3(a) and (b) ,  respectively. The solid 
symbols represent the experimental results, while the 
solid curves represent the theoretical values calcu- 
lated for the entire G a  composition range. It is clear 
that  the experimental results of GaInAsP on GaAs 
and InP both agree with the theoretical results pre- 
dicted by the model in spite of different growth con- 
ditions. The error on composition y is less than 0.03, 
which means a lattice mismatch smaller than l x  

To give a overview on the precsion of our growth 
model, Fig. 4 shows the lattice mismatch difference 
between the experimental and theoretical results as 
a function of growth temperature. Solid and open 
circles represent the data  of quaternary layers grown 
on GaAs and InP, respectively. From the figure, it 
can be seen that the error is all within 2 x and 
most within 1 x for both. This finding indicates 
that  this model can be used to predict the growth 
conditions of GaInAsP on InP and GaAs. 
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Fig. 4 The lattice mismatch difference between ex- 
perimental and theoretical results as a function of 
growth temperature. Solid and open circles repre- 
sent the data  of quaternary layers grown on GaAs 
and hP,  respectively. 

the product of As to P desorption time constant ratio 
and incorporation rate constant ratio for InAs, PI-,  
and GuAs,  PI-^, respectively. The parameters k i n  
and kc, are determined from the experimental re- 
sults of In l - -zGu,A3yP~-y  on InP (0 < z < 0.47 
and 0 < -y < 1) and Inl-,Ga,As,Pl-, on GaAs 
(0.51 < x < 1 and 0 < y < 1). At a growth temper- 
ature of 48OoC, they are 27.5 and 2.75, respectively. 
Their activation energies were also studied and are 
-27.5 and -457 meV, respectively. The average error 
of this model in terms of lattice mismatch is less than 
7 x 10-4. 
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IV. Conclusion 
In this study, we propose an unified GSMBE 

growth model for GaInAsP on GaAs and InP. This 
model is very simple and needs only two fitting pa- 
rameters, kin and kGa,  whose physical meanings are 
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