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The In surface segregation during the growth ofGa, _,As on GaA$001) has been investigated through
a Monte Carlo simulation taking into account the difference between the binding energies of InAs and GaAs
and the effect of the epitaxial strain. Photoluminescence energies of quantum-well structures calculated from
simulated composition profiles obtained at different temperatures are found to be in good agreement with the
experimental ones. It is shown that Monte Carlo simulation is a very powerful way to predict the variation of
the In composition profile as a function of growth parameters. It can, moreover, be easily extended to different
materials, strain conditions, and surface morphologies.

Since its discovery? surface segregation in 1ll-V semi- (calculated using the composition profiles deduced from the
conductor alloys has been the subject of numerous studies, growth simulation with the experimental values.
particular in the InGa;_,As/GaAs strained material The samples consist in 6-ML-wide §n/Gag g/AS/GaAs
systeni—1 because of its considerable interest for optoelecQW’s grown by MBE on GaA&O01) substrates after the
tronic and microwave device applications. It is now widely growth of a buffer layer at 600 °C. The In composition was
recognized that surface segregation effects are the ultimagecisely calibrated using reflection high-energy electron-
limitation to the building of perfectly abrupt interfacts'® diffraction oscillations. The As beam equivalent pressure
This limitation is well evidenced by the optical properties of was 5<10°° Torr, and the growth temperature was mea-
In,Ga; _ As/GaAs quantum-wellQW) structures which are sured by a pyrometer and corrected with respect to native
very sensitive to the potential profile at the interfate3®A  oxide desorption from the substrate (580 °EL, excited by
striking feature of these strained QW's grown under standarthe 488-nm line of an argon laser, was performefl K in a
conditions is that their photoluminescen&) energy is sig- closed-cycle He cryostat, and detected with a liquid-
nificantly higher than that calculated by the envelope-nitrogen-cooled Ge detector.
function formalism for a perfect square well. It has been Experimentally, we find that a 6-ML lx/GaggAS/
previously demonstrated that this blueshift is due to In surGaAs QW grown under standard conditiofssibstrate tem-
face segregatiof® Indeed, during the growth, incoming In perature of 520 °C and growth rate of 0.48 ML/s for the
atoms are not all incorporated into the,®a;_,As well,  well) exhibits a PL peak at 1.421 eV. This energy, corre-
because they “float” at the growing surface. Instead, they argponding to thee;hh; excitonic transition, is significantly
incorporated into the GaAs barrier, reducing the effectivelarger than that calculated for a perfect square well by the
width and the In content of the QW. Up to now, only a few envelope-function formalisrfil.376 eV if we assume an ex-
attempts aimed at modeling the surface segregation in thisiton Rydberg of 7 meY¥!2'® This blueshift is now well
important material system have been repoftet!® How-  known, and is due to In surface segregation which reduces
ever, in these approaches a phenomenological parameterhsth the effective width and the In content of the GWihe
involved and, therefore, they allow thdescriptionbut not  In segregation profiles responsible for the blueshift can be
the prediction of the phenomenon as a function of growth obtained from different models. One of these is a thermody-
materials and strain condition. Surprisingly, stochastic aphamical equilibrium model which was established a long
proaches, such as Monte CanMC) simulations, which time ago in metallic alloy$? It is described by a simple mass
have proven very successful in the study of surface segregaction law involving a segregation energd.>"® This
tion in metallic alloys! have not been applied to surface model is easy to carry out, and can give the right segregation
segregation effects in 1lI-V semiconductor alloys to our profile when the heteroepitaxial system is not too far from
knowledge. equilibrium (high growth temperature and low growth rate

The aim of this paper is to show that a MC simulation of but fails when kinetic restrictions apply. For example, to ac-
the growth can provide a realistic description of the In sur-count for the reduction of the segregation with the lowering
face segregation during molecular-beam epitéBE) of  of the growth temperaturéss must be strongly decreased
In,Ga; _,As/GaAs QW's by taking into account the binding together with the temperature, which is obviously unphysi-
energies of the constituents, the epitaxial strain, and theal. To turn over this difficulty, a model was proposed very
growth parameters. The reliability of this approach is dem-+ecently by Dehaese, Wallart, and Mollot in which kinetics
onstrated by comparing QW photoluminescence energiesave been taken into accoufitHowever, E; cannot be
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evaluatedh priori from the characteristics of the growth con- In surface segregation. Other surface processes could rein-
stituents. More precisely, the bonding energies and the straiforce this phenomenon, such as vertical exchahgeyface
are not explicitly included in the determinationgf, which  reconstruction, or the Schwoebel barrier. But, above all, we
therefore remains a phenomological paramédgis in facta ~ have to keep in mind that liGa; _,As (x>0.25) is highly
fit parameter, and can only be adjustegosteriorifor each ~ Strained on GaAs; in other words, that the In atoms could
set of constituents and growth conditions. Another segregdiave some difficulties in being incorporated into the lattice.
tion model has been proposed in which the exchange procedddeed, it is well known th%tlltgze_i{ze effect is an important
between In and Ga atoms on the topmost layer and the neffiving force for segregation.~“"*’In order to mcIudeIhthe
layer is simply described through an exchange coefficienpt@in effect in the MC simulation, the energy barehas
(R).® But once again, this model does not allow us to predic een mOd'f'e.d by addm.g athird terrLf) which is an elastic
the segregation variation with the growth temperature. InENergy contribution. This one affects the bond .S”ef.‘gth. of the
. . . ... In adatom, and the energy barrier to surface diffusion is then
deed,R is purely phenomenological, and there is no explicit ~ -
relation betweerR and T. Thus it appears that another ap- Gccreased such &,=E+pEi9 +qEui0)~Ee. In a pre-
. e PP i P Vious work, we have shown that during the layer-by-layer
proach is necessary if we want not only to fit but also to

_ ; . growth of highly strained IpGa; _,As on GaA$001), elastic
p_r§d|ct (tjhe SV:/heCr:)eI:g_):_(I)evels as a function of growing Spe'energy relaxation occurs mainly at the unit cells forming the
cies and grow itions.

_ L free edge¥? of the 2D islands. An investigation by the
A more straightforward way to reach this aim is a MC fnjte.element methd§ of the highly strained island defor-

simulation, which has been successfully applied to segreggnation also shows that most of the elastic energy relaxation
tion in metal alloys:" Indeed, this method allows a micro- gccurs at the unit cells forming the free edges with a magni-
scopic description of the growth through the different hop-tude depending mainly on their local configuration. There-
ping rates of each adatom, which are in fact the origin of thefore, in order to simplify the calculation we consider that the
surface segregation process. We have used a MC simulatiflastic energy relaxation is, in the first approximation, 2D-
derived from the one proposed by Clarke and Vvedensky forsland size independels$ee Ref. 26 for another approach to
the growth of GaAs on GaA801)."° In a previous work®  strain effects For example, ifn=4 (n is the number of
we have shown that this approach, modified to take straimearest neighboysno relaxation is possible, and the InAs
into account, correctly predicts the two-dimensional 2D-3Dunit cell is tetragonally deformed witIEg‘=4)=134 meV
growth mode transition occurring in the JGa; _,As/GaAs  according to elasticity theory. In the other cases, elastic re-
system, proving the power of this growth simulation methodlaxation occurs at the free edges of the InAs unit cell, and
The hopping ratek) is determined by the following expres- E_ decreases such th&,= E(e“=4)_Er, whereE, is the
sion: h=hg exp(—E4/KT), whereh, is the adatom vibration g|astic relaxation energy defined Bs= anEén=4) 16.25The
frequency [p=2kT/h), Eq is the energy barrier to surface yajyes of the coefficientsy, are deduced from a finite-
diffusion, andT the substrate temperature. Two terms con-gjement calculatiod’ The In composition profile now evalu-
tribute to the diffusion barrieE : a substrate contributioB ateq from this model is displayed in Figial, and gives a PL
and a contribution of the number of nearest neighbors in thgnergy of 1.419 eV, which is now in good agreement with the
(100 and(110) directions, so that the energy barrier can beexperimental valu¢l.421 eV. This clearly shows that strain
written as Eq=E+pE(119+0E10), Where E(159 and  plays a key role in the surface segregation proé&s4.0f
En10) are the axis-dependent bonding energies with theourse, the relative importance of the difference in binding
nearest neighborp(q e {0.2)."" The value ofE is linked to  energy and of the strain cannot be deduced from any of the
the binding energy of the materiaEg.a=1.73 €V and  previously developed phenomenological models.
Emnas=1.53 eV from Ref. 18 but is slightly smaller since Let us now turn to the influence of kinetics on the surface
the As surface coverage is less than one atomic monolayesegregation process. This phenomenon being at a maximum
In order to investigate surface segregation processes, Ga ag¢lthermodynamical equilibrium, it is possible to reduce the
In atoms have been considered separately &ithl.3 and  segregation process by keeping the system away from the
1.15 eV for GaAs and InAs, respectivéR, and equilibrium. For example, increasing the growth rate to 1.3
E,/E=0.15} whereE, is the mean nearest-neighbor bind- ML/s instead of 0.46 ML/s leads to a slight decrease of the
ing energy. The step energy anisotropy has been introduceRl energy, indicating that In surface segregation is weZker.
in the simulation by taking arE;110)/E119 ratio of ~6, A MC simulation performed assuming such an increased
following the work of Heller, Zhang, and Lagaff§.The re-  growth rate predicts the right order for this redshift.

sults presented here were obtained on & 50 square lattice Actually, the temperature is the most efficient growth pa-
with periodic boundary conditions in the twd10 direc- rameter to limit the segregation process kinetically, as has
tions parallel to the surface. been experimentally demonstrafed@his is once again well

For the set of experimental growth conditions givenaccounted for by MC simulations, as illustrated in Fi¢o)1
above, the calculated In concentration profile via MC simu-giving the calculated In concentration profile of a 6-ML
lation of the growth leads to ae hh; transition energy of Ing 3/Gag gsAS/GaAs QW grown at 395 °C.

1.397 eV for a 6-ML-wide IR ;/GaggAS/GaAs QW. This The last point that we would like to address is the ability
value is blueshifted with respect to the nominal one calcuof a MC simulation to predicjuantitativelythe PL energy
lated for a perfect square well.376 eV}, but is still signifi-  transition of a segregated structure as a function of the
cantly smaller than the experimental PL enef@y421 e\).  growth temperature. With this aim, a sample has been grown
We conclude that the difference between GaAs and InAsvhich contains four 6-ML-wide 1§3/Gag gsAs QW's sepa-
binding energies is not sufficient to explain the extent of therated by 500-A GaAs barrier, but at four different substrate
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FIG. 1. Indium concentration profile of a 6-ML
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FIG. 3. Experimental 9-K PL energies of a 6-ML
Ing 3/Gay gAAS/GaAs QW grown at different temperaturédosed
squaresand energies calculated from the segregation profiles pro-

Ing3/Gag eAS/GaAs QW at different growth temperatures without viged by Monte Carlo simulation witopen circles and without

(dashed lingand with(full line) In surface segregation, as deduced
from Monte Carlo simulation(growth rate: 0.5 ML/s (a)
T=520°C.(b) T=395 °C.

temperatures ranging from 395 to 520 {®ith GaAs and
Ing 3/Gag gsAS growth rates of 0.3 and 0.48 ML/s, respec-
tively, and an Ag pressure of X 10 © Torr). Figure 2 dis-
plays the corresponding PL spectrum, where the resultin

simulations have been performed, changing only the growt
temperature. The,hh, transition energies calculated by the
envelope-function formalism taking into account the

T T T
(Ga,In)As/GaAs , x=0.37, T=9K
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FIG. 2. 9-K photoluminescence spectrum of a 6-ML
Ing 3/Gay sAS/GaAs QW’'s grown at four different temperatures
(growth rate: 0.48 ML/s

(open trianglesthe strain effectthe error bar corresponds to an
incertitude of+5 °C on the growth temperatyre

composition-dependent potential profiles deduced from MC
simulations are reported in Fig. 3. Both MC simulations with
(open circles and without(open trianglek strain contribu-
tion have been performed. A good agreement between the

differences of In segregation are shown by the appearance %ﬁpenmental(closed squargsand calculated PL energies is

four well-resolved peaks. For these growth conditions, Mcﬁonfirming the key role of the size effect on the surface seg-

tained when the strain contribution is taken into account,

regation process.

Finally it should be pointed out that the morphology of
the substrate surfade.g., the step densitcan also be di-
rectly taken into account in the MC simulation. For example,
the In surface segregation occurring for,Gg; _,As/GaAs
QW’s grown on vicinal surfaces or high index surfaces can
be evaluated in this way. It should also be emphasized that
such a simulation tool can be used to study in more detail the
surface segregation process by including in the MC model
the surface reconstruction or other surface effects like the
Schwoebel barrie?®

In conclusion, a simple Monte Carlo simulation has been
performed to evaluate the effect of surface segregation on the
In concentration profile at the j&a; ,As/GaAs interfaces.
Compared to previous models, MC simulation makes it pos-
sible to take directly into account the type of material, the
strain, and the growth conditions. This is demonstrated by
the good agreement found between modeled and experimen-
tal photoluminescence properties of (§¥Gag gAS/GaAs
QW'’s grown at different temperatures.
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