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Atomic ordering in In ,Ga;_,As alloy thin films: Action of surfactants
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The effect of a surfactariSb and B) on ordering of alloy thin films ofIn,G@As is studied usingb initio
total energy calculations based on the density functional theory; ultrasoft pseudopotentials are applied in a
plane-wave basis. Anion-terminated thin films (&f,GaAs on the InP[001] substrate are assumed in the
ordered CuPt-B geometry, with th@2(2x 4)-reconstructed surface. The energetics of disorder in the mixed
cation plang(In,Ga is examined quantitatively, comparing the films with clean surfaces and surfaces covered
by surfactant. The analogous systefitGaP:(As, Sh, Bj are studied at the same time, for comparison and
in order to establish the differences in the action of the same surfactants. The mechanism of the action of
different surfactant atoms is discussed in terms of the reduction of the strain in the subsurface layers. The
variation of the surface formation energy with chemical potentials is compared at different coverages and for
various positions of the surfactant atoms.
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Controlling the growth process is a major challenge in the(In,GaAs thin films is available in the literature. Hence our
production of materials for semiconductor devic8%lloy- results on the arsenide are theoretical predictions and our
ing two compounds with different band gaps offers the pospresent study could lead to or rule out the need for certain
sibility of tailoring the gap energy by varying the composi- important experimental studies on the isoelectronic surfac-
tion. For the semiconductor alloys of the typeB; ,C—A  tant effects on ordering ifin,GaAs.
andB being cations of group Ill an@ the anion of group V Calculations of the total energy are performed employing
(or vice versa—the random arrangement éfand B atoms the pseudopotential method within the density functional
in the cation sublattice turns out to exhibit larger band gapgheory?® The Viennaab initio simulation packadeis used for
than the ordered structurewhich in the present case are of electronic structure calculations within local density approxi-
the CuPt-type with the82(2x 4) reconstruction on the top. mation and the ultrasoft Vanderbilt pseudopoterfiiaiere
This leads to optical applications with shorter wavelergth. supplied by Kresse and HafrféThe convergence of total
In the alloy films, this approach nevertheless requires enforcenergies with respect to the plane-wave cutoffed 12.5 Ry
ing the structural disorder, because thermodynamics geneandk points’ (we used the equivalent of €4 points in the
ally favors a ordering of CuPt type? A promising way to  1X1 cell) were carefully tested. Supercells consisting of
modify the energetic relations consists of adding a small conseveral atomic planesypically 12 atomic planes with about
centration of surfactants during the gro\/ﬂtﬁ'_hese surfac- 100 atomgare used for the simulation of the alloy films with
tants are selected so as to stay on the surface of the materiah anion-terminated surface. In Fig(al we present the
They may modify the bonding at the surface, resulting inschematic diagram of the side view of a smaller supercell of
changes in surface stresses and the energetics. Understand@ight atomic planes: four for the substrate and four for the
the mechanisms behind the action of surfactants and havir@verlayer, with approximately 10 A for the vacuum layer on
control over different types of growth would enable, amongtop. The bottom side, terminated by cations is passivated by
other things, an appealing application: growing heterostrucpseudo-H atomgéchargeZ=1.25). To obtain an equilibrium
tures consisting of a disordered phase grown on the orderegiructure, the whole of the overlayer along with the two up-
phase of the same material, without lattice mismatch buper atomic planes of the substrate is relaxed until the forces
with different electronic properties of the two compounds.are small. The slab is electrically neutral, but as a conse-
Obviously there are many possibilities of combining differ- quence of its non-symmetric construction, it has a dipole
ent surfactant atoms with various alloy films. In this work we moment which is compensated for by using a dipole
concentrate on thin films of the ternary 1lI-V compounds correction’
indium gallium arseniddhereafter called(In,GaAs] and Chemical potential and surface formation energihe
also indium gallium phosphidghereafter calledIn,GaP] surface energy, for example of GaAs, may be expressed as
nearly lattice-matched with respective substrates, GaAs an@ function of the chemical potentialS,
InP. Surfactant atom used is antimao{8b) and bismuthBi).

The system(In,GaP:Sb(as well as:As and :Bihas already B

been studied experimentaflySome preliminary theoretical YA=Utot~ Neattca™ Nastias
study on Sb-covered GaP surface has also been carried out

to understand the nature of the triple period ordering foundvhere U, is the total energy of a GaAs film and A is the
in (In,GaP:Sb at a high surfactant concentratfonhile the  surface area of the filmny and uy are the number and
results on phosphide are well known, to the best of ourchemical potential of atonX, respectively. Details on the
knowledge no report on the effect of Sb and Bi on growth ofcalculations ofy can be found elsewhef&?!!
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ing is expected to be less in the arsenide than in the phos-
(oo1] T_) phide and it is the quantitative effect of Sb and Bi as surfac-
[-110] 5 5 tant on(In,GaAs thin film that will be addressed below. In
wol order to situate our results ¢m,GaAs in a broader context,
we also studied in the same geometry, timeGaP alloy thin
films with different surfactantéAs, Sh, B). In this case the
results can be confronted with the experiménsThis pro-
vides additional support of the analysis carried out on
(In,GaAs results.
Results on indium gallium arsenidggeometric analysis
To assess the strength of CuPt-B type orderingnnGaAs
from a structural point of view, in Table | we summarize the
calculated geometries for two casés) a clean(In,GaAs
film surface where only As-As dimers are present, 2)da
film surface covered with the surfactant atoms when the top
(b) surface anion dimers become Sh-Sb and Bi-Bi. Figues 1
and 1b) give schematic side and top views of a supercell
with eight atomic planes representing the anion-terminated
FIG. 1. Schemati¢a) side view andb) top view of a supercell  (In,GaAs thin film grown on InR001) substrate. The bonds
with 8 atomic planes representing the anion termindtegsaAs ~ 1-2 and 2-3 are equivalefifig. 1(b)] and though different
thin film on InP substrate. Atomic positions shown are without anyfrom bonds 1-2 and 2-3, bonds 4-5 and 5-6 are equivalent as
relaxation. Meaning of symbols: diamonds, As; circles, In; right- well. This is possibly because in the second subsurface anion
handed triangles, Ga; squares, P; empty circles, H. On the top vielayer there is a dimer adjacent to bonds 1-2 and 2-3 but not
(b), filled diamonds: topmost As plane; empty diamonds: secondo bonds 4-5 and 5-6, in the first subsurface layer: making
subsurface plane of As. Subsurface cation plane consists of In onlghem two different sets of bonds. We observe that the bond
segregation of In to surface is established by both experiments arléngth 1-2(and 4-5 of the subsurface In atoms for the clean
theory in both systems studied heRef. 1. In (a) empty space on  surface is 3.65 Aand 3.69 A, and 3.72 A(and 3.71 A with
top of the surface plane signifies the vacuum Iyt in scale. In - fully surfactant-dimer covered surfacesith Sb and Bi used
(b) the atoms 7, and 9 and 8, and 10 are forming the anion dimergs surfactanis|t is noted that as the cation-cation distance in
resultir_wg ir_l theB2(2x4) reconstructi_on. Also there is a dimer the bulklike substratézinc-blende phageis about 4.13 A,
formation in the second subsurfaganion layer, as seen in top the |n-In distance is strained in the clean film, but the strain
right corner in(b). is reduced with the larger surfactant atoms. The same argu-
ment holds when the bond lengths 7-9 and 8-10 are com-
Relaxed atomic positions for botin,GaAs and(In,GaP  pared(2.45 vs 2.84 A, for clean and Sb covered surfaces,
alloy thin films are translated into bond lengths and bondespectively; for the Bi-covered surface, this dimer bond
angles[Figs. 1@ and Xb)] and summarized in Table I. The length is 3.00 A. The typical In-anion-In bond anglé]-7-2
CuPt-B type ordering is expected to be weake(lmGaAs  or 4-9-5 is about 90° for a clean surface but for fully Sb and
than in (In,GaP. This is due to the fact that the P dimer Bi covered surfaces becomes smaller, about 83° and 81°,
length on the top is much smaller than the As dimer lengthrespectively. Together with the observed shift of the top an-
(Table ). Hence the strain in the subsurface layers is exions towards higher i.e., in the[001] direction, the above
pected to be more in case of the phosphide. As a result, th@nalysis indicates less strain in the subsurface layers for the
effectiveness of Sb and Bi, as surfactant, in reducing ordersurfactant-covered cases.

[-110]

%

TABLE I. Geometry of top two planes and In/Ga interchange enengy)(calculated on 12 atomic plane thin films @h,GaAs and
(In,GaP. The atom numbering refers to Fig. 1.

Bond length As-As dimer Sb-Sb dimer Bi-Bi dimer P-P dimer As-As dimer  Sb-Sb dimer  Bi-Bi dimer
A) on(In,GaAs on(In,GagAs on(In,GadAs on(In,GaP on(In,GaP on(In,GaP on(In,GaP
1-2(2-3) 3.65 3.72 3.72 3.40 3.42 3.59 3.58
4-5(5-6) 3.69 3.71 3.71 3.50 3.55 3.59 3.58
7-9(8-10 2.45 2.84 3.00 2.21 2.45 2.84 3.00

bond angledeg)

1-7-22-8-3 88.3 83.8 80.9 84.8 82.3 80.6 77.6
4-9-55-10-6 89.0 83.3 80.7 87.3 85.5 80.2 77.6

AE (eV/supercell

0.49 0.42 0.32 0.61 0.59 0.02 0.05
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Energetic studyTo understand the decrease of strength of 50
ordering with the replacement of As by larger atoms on the
surface, we calculated the energetic cost of interchangling
the Ga and the In atoms in the third subsurface layer for the
clean alloy films and the surfactant covered films. It is ex-
pected that this interchange energyg, is indicative of the
strength of ordering since the surface stress and reconstruc-
tion (and the associated orderindrives the smaller atoms
(Ga) to occupy the positions just below the top anion dimer
[Fig. 1(@)].1****However, we note here that we try to ar-
rive at a relative estimate of the difference of the degree of
ordering which in reality depends on many other factors dur-
ing growth, most importantly the growth rate and other
growth related parameters, such as surface mobility, steps 0.3 08 oa o2 0
and incorporation at step edges, to mention a few which ' 'll - '[eV] '
cannot be dealt with from the energetics aloA€& in the e Tt
clean-surface cas€0.49 eV per supercellis somewhat FIG. 2. Plot of surface formation energy) vs As chemical
smaller than in(In,GaP (0.61 eV per supercgllin presence potential in(In,GaAs. Meaning of symbols: line without symbols,
of the Sb surfactantAE decreases only slightlifrom 0.49  clean surface with As dimers on top; triangles, Sb dimers on top
to 0.42 eV per supercgllhence the strength of ordering for replacing As dimers; circles, Bi dimers on top replacing As dimers.
surfactant covered film is expected to be only mildly re-Filled symbols are for low surfactant pressure and empty symbols
duced. This is in stark contrast with tki@,GaP films where for medium pressure of surfactants. For Sb, medium pressure cor-
the sameAE is reduced to a much smaller val(@61 vs responds to a chemical potential gk isypuiy=—0.4 eV and
0.02 eV per supercell: see further)o/e must note here that low pressure corresponds t©0.8 eV in our calculations. All is
the top anion dimer lengths are 16% different for As and Stsimilar for Bi. All plots assumeug, andu, equivalent, i.e., partial
dimers, whereas for P and Sb dimers they are 28opressures for both are similar.
different—the stress reduction is likely to be more pro-
nounced inIn,GaP than in(In,GaAs. Geometry and energy responds to a very high As partial pressure. For low pressure
analysis results indicate that although Sb may induce disomf the surfactant the surface formation energy is always low-
der to some extent ifin,GaAs, its effect isexpected to be est(bottom panel of figure j3for clean film(case 1. How-
smallerthan in(In,Ga)P. In other words, Sb is expected to be ever, at a moderate pressure of the surfactant, the films fully
less effective as a candidate for surfactenproducing dis- covered with surfactant&case 4 have a lower surface for-
order in (In,GaAs than in(In,GgP films. Further calcula- mation energy below a certain value of As chemical pressure
tions suggest that the effect of Bi as surfactani{lonGaAs (top panel of Fig. B This indicates the stabilization of the
films can be expected to be similar to that of Sb. We observeurfactant covered film beyond a critical concentration of
that AE for (In,GaAs : Bi case is 0.32 eV per supercell, of surfactants and below a critical chemical pressure of As.
similar order of magnitude as itin,GaAs : Sb case. Figure In presence of higher concentration of Sb during the
2 for surface formation energies also supports this similaritygrowth two possibilities may occur. Sb may start replacing
of Sb and Bi since the formation energies are close to eacAs atoms or it may start sitting on top of the existing As top
other. The difference in formation energy value is about 1.74ayer. From our calculations it is observed that energetically
meV per area fofln,GaAs (Fig. 2 and 1.5 meV per area for it is favorable if the Sb atom starts replacing As atoms on the
(In,GaP. surface(see middle and bottom panels of Fig. 8ase 3

Site selectivity of Sb on the (In,Ga)As surfate this  always is much higher up in energy. We observe that for low
subsection we discuss the specific aspect of site selectivity @nd moderate Sb pressur@sttom and mid panel of Fig. 3,
Sbh on (In,GaAs surface, if there is any. Also we would respectively, case 2 with mixed dimer is favored over an
probe to find any indication if the Sb atoms prefer to replaceadditional layer of Sh on top of As layer. While replacing the
the top anion atoms or form an additional layer on the toptop As atoms by Sb, there exists a site selectivity for the Sb
From the optimization of the atomic positions we observeatom in occupying different surface sites. Examined more
that the geometry undergoes a systematic change when S$losely, it is energetically more favorab{by 0.018 eV per
atoms replace top four As atoms, one by one, as in the casupercell if the Sb atom occupies sites 9 and 10 than sites 7
of incomplete surfactant coverage. Figure 3 gives the surfacend 8[Fig. 1(b)]. In the second subsurface layer, there is a
formation energies for thé€ln,GaAs, four different cases dimer formation of the anions close to the sites 7 and 8 in the
have been plotted. Case 1 is for clean film with top Asfirst subsurface layer. Hence there may be a steric reason for
dimers, and case 2 for one mixed dimer, Sb-As. Case 3 is fahis energetic favoring of sites 9 and 10 over 7 and 8. Also it
two As dimers on the top surface with an additional layer ofturns out that the replacement of the pair 9 and 10 is some-
only one Sb atom sitting at top of the center of the squaravhat easier than replacement of pairs 7 and 9 or 8 and 10
made by the two As dimers a layer below. Case 4 is for twaenergetically lower by 0.01 and 0.02 eV per supercell, re-
Sb dimers on the surface. Theaxis gives the relative As spectively. It is hence indicative that during growth with
chemical pressure, with respect to the As bulk, i.e., zero corsurfactant atoms present, if two Sb atoms are to replace two

¥ [meV/area]
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' 2.90, and 3.09 A, respectively. We take a note of a related

50 ¢ medium Sb pressure 1 study in the literature : Let al. compared the bonding prop-
erties of adsorbed P, As and Sb on G4881) surface® The
30 [ g P atoms are shown to exhibit the shortest dimer bond Ienth
R e aaaa et e ool and the strongest backbonds to Ga. Consequently, P dis-
10 ‘ ‘ ' places the subsurface Ga atoms the most from their equilib-

w ' rium positions. The dimer bond lengths are 2.23, 2.50, and

'S 50 | medium Sb pressure - 2.86 A, for P, As, and Sb, respectively. We note that from our
E % first principles calculations, the Sb-Sb dimer spacing on
% 30 } . (In,GaP surface comes to be similar to that on the GaAs
E o5% oo surface. We observe from the combined theoretical and ex-
= 10 \ \ - perimental studié's-?that these anion dimer bond lengths are

very similar irrespective of the surface on which the dimers

50 | | low Sb plressure ] are formed.
% We note that in presence of the larger atoms, Sb and Bi,

30 | | the longer distances between the cations in the subsurface

See0eoooscocosooooc layers and between the anions in the top layers indicate a
‘ ‘ . release of strain on the subsurface layers. These larger
10 lengths may indeed lead to a weakening of the CuPt ordering
-0.8 -0.6 -04 -0.2 0 X : : ) .
_ [eV] causing the disorder of the cation sublattice of the alloy film
Has = Pasouny for a certain concentration of the surfactant.

Energetics studyAs in the (In,GaAs case, we calculate
FIG. 3. Surface formation energyy) vs As chemical potential the cost in total energy of interchanging In and Ga in the
in (In,GaAs. Meaning of symbols: lines without symbols, clean third subsurface cation layeAE). We see from Table 1 that
surface, with As dimers on top; circles, one Sb replacing one out ofyith clean surfaceP dimers AE=0.61 eV per supercell.
four As on top; crosses, one $additional layey sitting on top of  Upon replacement of P by As on the tapE becomes 0.59
the already2(2x4) reconstructed surface with two As dimers; eV, of the same order as the value for the clean film. On the
diamonds, two Sb dimers, replacing both As dimers. In the top angyther hand, when the larger atoms Sb and Bi dimers replace
middle panels the Sb chemical potential is the same. In the to?op P dimers, the cost in energy of interchanging is reduced
panel the comparison is between the film which has one As replacegy order of magnitudeAE becomes 0.02 and 0.05 eV per
by Sb with the film which has a full Sb coverage on top for mediumsuperce", respectively. This shows that though As may in-
Buce disordering to some extent, the effect of As is signifi-

which has one As replaced by Sb with the film which has one . . .
additional Sb on top of already reconstructed surface with two A cantly smaller than Sb and Bi. This observation corroborates

dimers, for medium Sb pressure. In the lowest panel the compariso e experimental studie$ Our resultsTable ) also indicate

is between the film which has one As replaced by Sb with the filmthat the effects of Sb and Bi on the geometry and energetics

which has one additional Sb on top of an already reconstructeé'llr,e .sim'ilar for_(ln.,Ga)P [and also(lp,%E)As] thin films.
surface with two As dimers, for low Sb pressure. Théor clean  oimilar is the finding from the experimentfor (In,GaP.
film is shown for reference in all the panels. For Sb, the medium 10 conclude, our first principles calculations corroborate

pressure corresponds to a chemical potential p@fysppury  © the exp_erlmental finding th_él) As is much I.ess effective
=—0.4 eV, and the low pressure corresponds-0.8 eV, in our n prOdUC|ng subsurface cation sublattice disorder than Sb
calculations. All plots assumeg, and u,, are equivalent, i.e., par- and Bi; (2) the effects of Sb and Bi as surfactant are similar
tial pressures for both are similar. in (In,GaP. On the contrary, from the results of our calcula-
tions on the(In,GaAs thin films, from purely static or ther-
modynamic point of view, we expect that Sb and Bi will not
As atoms, the replacement may not take place dimer bye so much efficient in blocking the ordering in
dimer. (In,GaAs compared tqIn,GaP. Finally it is to be recalled
Results on indium gallium phosphidgeometric analy- that the growth is controlled not only by energetics but also
sis We see from Table | that the length 1¢@nd 4-5 be- influenced by various kinetic factors which are beyond the
tween the subsurface In atoms is 3(4Md 3.50 A, for the  scope of the present study.
clean surfacéP-P dimers With fully surfactant-dimer cov-
ered surfaces it becomes 3.4anhd 3.53, 3.59 (and 3.59, This work was supported by the Indo-French Center for
3.58 (and 3.58 A, for As, Sb and Bi, respectively. The Promotion of Advanced ReseartiFrCPAR), New Delhi, In-
cation-cation distance in the bulk-like substrate is about 3.9dia. The computer resources were provided by the Scientific
A: hence the In-In distance is strained in all the films but theCommittee of the Institut du Developpement et des Ressou-
strain reduces with the larger surfactant atoms. The aniorces en Informatique ScientifiquéDRIS), Orsay, France.
dimer lengths are 2.21 A, and 2.45, 2.84, and 3.00 A for PNVe thank Dr. L. Ramaniah and M. Laghate of BARC, Mum-
(clean surface As, Sb, and Bi-covered surfaces, bai, and Dr. K.C. Rustagi of Center for Advanced Technol-
respectively—comparable with the P-P, As-As, Sb-Sb anagy (CAT), Indore, India for discussions and help in the
Bi-Bi bond lengths in the elemental solid phase 2.21, 2.49analysis of results.
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