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Determination of 2D Pair Correlations and Pair Interaction Energies of In Atoms
in Molecular Beam Epitaxially Grown InGaAs Alloys
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Intra- and interlayer atom-atom correlations in molecular beam epitaxially grown dilute InGaAs alloys
were studied using cross-sectional scanning tunneling microscopy. By imaging individual chemical
constituents we construct a large ensemble of “atom maps” from which two-dimensional In-In pair
correlation functions were deduced. We found a total absence of interlayer pair correlatiofiiibhg
and a strong negative correlation for the nearest neighbor (nn) pair &ldog corresponding to a
repulsive interaction energy of 0.1 eV for the nn In pairs alph]. In addition, a weak long-range
oscillation in the correlation function alorjg10] is observed. [S0031-9007(97)04728-5]

PACS numbers: 61.16.Ch, 61.66.Dk, 61.72.Yx, 81.05.Ea

Since the first observation of ordered structure into deduce the pair interaction energies of adatoms on
AlGaAs alloys [1] the subject of order vs disorder in metal surfaces [6], and more recently with an STM to
substitutional semiconductor alloys has attracted intensivdetermine the Coulomb interaction between charged
research activities. This interest arises not only for thesurface defects [7]. However, these previous studies have
intriguing influence of ordering on the electronic structureassumed an isotropic medium, while in the case discussed
but also for the conceptual challenges in understandingere, the inherent anisotropy of inter- vs intralayer corre-
the atomic processes that lead to the formation of ordereldtions invalidates such an isotropic medium approach.
alloys. Experimentally, observations of the ordered The samples studied are MBE-grown,Ge —,As al-
structures in substitutional alloys have been reportedbys on GaAs (001) substrates. While samples with a
in many other IlI-V compounds [2]. Recent work has composition ranging fromx = 0.02 to x = 0.20 were
made further progress in kinetic manipulations of thestudied, only thex = 0.05 samples were investigated in
spontaneous ordering and the compositional modulationsletail to provide statistically significant information of
aiming for a novel band structure engineering techniqueair correlations. The ;GasAs layers were grown
[3]. Theoretically, much effort has focused on usingat a thickness of 200 A (below the critical thickness) on
first principle calculation of atomic scale energeticsGaAs substrate at a temperature of 825 The samples
from which thermodynamic parameters can be deducedere cleavedn situ in STM chamber(base pressure
and the order-disorder phase diagram can be predictedlx 107!! torr) to create “cross-sectional surfaces” that
[4,5]. However, despite such intensive investigationsgxpose thduried epitaxial structure. The atomic configu-
atomistic understanding of order-disorder alloy formationrations of the epitaxial structure along the time line of the
mechanism remains unclear. Obviously the experimentajrowth history are studied layer by layer, noting that only
determination of real-space atom correlations and atomithe projection to one cross-sectional surface is revealed.
interaction energies will be critically important to shed Shown in Figs. 1(a) and 1(b) are empty-state and filled-
new light onto this problem. state STM images of j,GayosAs. As shown by Zheng

In this Letter, we report real-space investigationset al. [8] and Pfisteret al. [9], the bright spots in the
of In-In correlations in dilute 1pGa—,As alloys grown empty-state image are due to an increase in the density
using molecular beam epitaxy (MBE). Cross-sectionabf empty states concentrated around a cation atom and
view scanning tunneling microscopy (XSTM) was usedrepresent the location of the surface In atoms. Weaker
to study bothintra- andinterlayer In-In pair correlations bright spots are also observed in the filled state image
during the epitaxial process. From these correlationsvhere the electron density concentrates around the As
we quantitatively deduce the effective pair interactionatoms. Following Pfisteet al. [9], this effect is due to
energy. Such quantitative information serves to test tha geometric size effect: The In-As bond length is longer
predictability of first principle calculations of atomic than the Ga-As bond length, thus As atoms bonded to
scale energetics. In addition, it provides important inputhe second layer In atoms are raised slightly. Thus the
parameters for theoretical calculations of order-disordeempty- and filled-state images together can be used to
phase diagrams. This usage of an experimentally meadentify the location of first and second layer In atoms
sured pair correlation function to find the pair interactionon the cross-sectional surface. Because of their larger
energy was developed using field-ion microscopy (FIM)signature, only the surface In atoms are used to study
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FIG.1. (@ A 50Ax50A empty-state image of
Inp.02GayosAs acquired at a sample bias of 2.0V and a
tunneling current set to below 0.1 nA (left). A schematic :
diagram on the right shows the relative position of an Indium .

atom on the top surface (right). (b) A 50 % 50 A filled-state G- 2- (@ A 175Ax 175 A empty-state image of

: ; ; IngosGayosAs acquired at a sample bias of 2.6 V and a
gﬂzgaetg;Agﬁﬁg%ﬁ?é}itﬁq&{egft a sample bias 6f20 V tunneling current set to below 0.1 nA. Brighter round dots

indicate locations of In atoms on the surface. (b) This image
is the curvature-enhanced image of (a). The location of each
In atom on the surface is clearly identified.

the In-In correlations in the alloys. In addition, among
the two inequivalent cleaved surfaces, (110) &htD),
we only concentrated on th{&10) surface to maintain the a theoretically random distribution. On each image like
consistency of our determination of 2D correlations [10]. Fig. 2(a) we choose a region 86 X 30 sites which has
Shown in Fig. 2(a) is a 175 A by 175 A empty-state an average of 45 In atoms, corresponding to an ensemble
image of InosGagsAs acquired at a sample bias of of 990 In-In pairs. As the typical width of InGaAs
+1.9 V. The local bright spots represent the positions oflayers is 35 unit cells, the choice 86 X 30 sites avoids
the surface In atom position. One notes from this imagehe nonideal InGaA&GaAs interface. The theoretically
that at 5% In concentration, the long-range influence ofandom pair distribution is obtained using a computer
local electronic structure due to In substitution starts tagenerated random distribution of the same number of In
overlap. This long-range influence on the topography caatoms on30 X 30 grids, and by averaging more than
be removed in the “curvature image” shown in Fig. 2(b)10000 ensembles of these random pairs, corresponding
which allows for a better identification of individual In to a statistical base d0 X 10° pairs.
atoms. On this image, which has 31 sites al¢agl] Shown in Fig. 3(a) is the 2D In-In pair correlations us-
and 43 sites alonf110], we have identified 67 surface In ing a statistical base of more than 140 “atom maps.” The
atoms, corresponding precisely to an InAs concentrationertical scale is—In[C(r;, r,)] where the positive number
of 5%. Images like this provide an “In-atom map” in the represents a negative correlation (or anticorrelation). Sta-
GaAs matrix. One can also view this as a “dilute latticetistically, the most significant term is the negative correla-
gas” problem for In atoms in the GaAs matrix. To obtaintion of the neighboring site along th&10] direction [11].
a statistically significant basis for the construction of two-On the other hand, the correlation or anticorrelation along
dimensional (2D) In-In correlation functions, hundreds ofthe growth direction of001] is completely absent. Shown
such “atom maps” were used. in Fig. 3(b) are the 1D projections along these two ma-
The 2D pair correlation functiof'(r;, r;) is defined as  jor axes. A large number of ensembles are necessary to
follows: C(ry,rp) = P(ry,rp)/R*(r1,rp). Here P(ry,rp) obtain statistically meaningful pair correlations. An im-
is the probability of finding two atoms at; and r,,  portant question arises as to how large is enough, namely,
respectively, andR*(r;,r;) is the same probability for “how much of the observed deviation from the ideal
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(b) FIG. 3. (a) Two-dimensional In-In pair
correlation functions with thex-y axes
along the[110] and [001] directions, re-
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Q ' 04 rections are plotted separately. Note the
g 0 B M | Y I B strong correlation/anticorrelation along the
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0.4 - [001]. (c) The simulation result of ran-

dom fluctuation of two-dimensional pair
correlation due to finite ensembles. (d) A

along [110] . . . i
schematic diagram of showing the strain
effect due to the presence of In atom in

© A the GaAs lattices. Since the In-As bond
gci?t?:: length is longer, the bond to the As atom

® In atom is strained and distorts from the perfect lat-
tice site. Bonding to a second In atom
(marked by the dashed circles) in a neigh-
boring site will cause much more strain at

-In[C(r, r)]

[110] this As site. The dashed arrows indicate
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0TI ing cation-cation alondg001] consists of
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<. 1 I
0 3 6 9 2 Growth front  foo1; 5[101] and alongs[101].

along [110]

random distribution can originate from the random fluc- Because the surface diffusivity of In atoms is very
tuation due to finite sampling?” This fluctuation is esti- high, short-range local equilibrium is established on a
mated by using a finite ensemble of randomly generatedery fast time scale. Furthermore, in the limit of a dilute
pair distributions,R,(r;,r,), in the same area and com- lattice gas, the pair correlations are dominated by the two-
paring the result to the theoretical distributidti,(r;,r,).  body pair interactions. The combination of local thermal
Shown in Fig. 3(c) is the plot of In[R,(r,1r2)/R*(r1,r2)]  equilibrium and dilute limit allows us to quantitatively
whereR,(r;,r;) is obtained from 128 ensembles of ran- determine an effective repulsive pair interaction energy of
domly generated pair distributions. As is apparent in thé.1 = 0.01 eV for the nearest neighbor In-In pairs along
plot, an average of 128 ensembles with 990 In-In pairs if110] by using the relation
each ensemble gives rise to a statistical fluctuation of no Ej(r.r) = —kT IN[C(r1.1)]
more than 5%—10% (5% fluctuation corresponds 05 -T2 b2t
in the log plot). This statistical fluctuation increases atHowever, the lack of correlation for In atoms at different
larger pair distances (not shown here), presumably due tayers does not necessarily imply negligible pair interac-
the finite size of the sampling area. tion energy alond001]. In this case, the interlayer cor-
Note that these samples were grown using MBE whergelation can be kinetically limited by the deposition rate
the surface processes dominate. The lack of correlatioand the interlayer diffusion. Note that on a cross-sectional
along theg[001] direction implies that the atomic processessurface of (110) or (110), only atoms on every other layer
of In atoms in each layer are independent of the In atomglong the[001] direction are present on the surface. The
in the other layers. However, a significant negative corinterlayer (or more properly, inter-double-layer) neighbor-
relation (or anticorrelation) is observed along the direcing correlation along001] has to be established through
tion parallel to the surface, not surprising for a growtha Comblnatlon of two mterlayer neighboring correlations
method where surface processes dominate. The anticaaong 2[101] and alongz[IOI] [shown as two dashed ar-
relation indicates nearest neighbor repulsive interactionsows in Fig. 3(d)].
of In-In pairs along thg110] direction. This anticorrela- We do note that our result of the absence of interlayer
tion can be explained by considering the strain effect asorrelation is in contrast to the result of the strong
visualized in the schematic shown in Fig. 3(d). On thetendency of In clustering alond@01] reported by Zheng
growth front when an In atom is incorporated in the lat-et al. [8] for the MBE-grown InGaAs alloys at 20%
tice, the local bond length of In-As is longer than thatin concentration. We note that Pfistet al.[9] also
of the Ga-As bond, producing a compressive strain effecteported the lack of In clustering beyond the statistical
on the neighboring cation sites. This strain effect signifi-fluctuation in I 1,Ga ssAs alloys. One possibility is the
cantly increases the difficulty for another In atom to belack of statistical sampling in Zhenet al. [8]. Another
incorporated in these sites which are already under conscenario is that in the dilute alloys, only pair interactions
pressive strain. are important while in more concentrated alloys, higher
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order In-In pair interactions (such as the one through théo the growth surface. Within the dilute limit and local
combination of pair interactions alorﬁlm] and along thermal equilibrium approximation, we determine, for

%[TOI]) can become more important. Furthermore, thdhe first time, an effective repulsive'interaction energy
compositional dependent strain field will also influence©f 0.1 €V between nearest In-In pairs along {He0]
the outcome of the atomic correlations. This is an opeflirection. This repulsive nature can be understood in
issue only further studies can address. terms qf the strain e_ffect. In _addItIOI’I,. a weak long-range
As the atomic interaction energies ultimately determine?scillation of the pair correlation function along thii0]
the order versus disorder structures of semiconductdfirection with periodicity of six lattice units is observed.
alloys, quantitative determinations of such a quantity 'his work was supported by NSF-DMR 9402938 and
is important and should have strong bearing on thdVSF- Science and Technology Center, Grant No. CHE
predictability of the theoretical calculations. We noted8920120.
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