






value for the CuPt-chalcopyrite energy difference is in good
agreement with the value 28.6 meV per atom from a recent
calculation by Luet al.24 and the chalcopyrite formation en-
ergies, 7.8 and215.0 meV per atom with respect to incoher-
ent and epitaxially coherent~on GaAs! binaries, respectively,
are also in good agreement with previous calculations, 7.5
meV per atom24 and 215.7 meV per atom.25 The value
Dmb520.09 eV is the point where the bulk composition
crosses over from In rich to Ga rich. This point will serve as
a reference for assessing surface segregation, below.

C. The �232� alloy surface

Next, consider the monolayer cation coverage~232! sur-
face reconstruction~Fig. 4!. As shown in Fig. 2, this recon-
struction may be stable for laterally compressed InP but un-
stable for expanded GaP. The~232! unit cell contains a
symmetric, low cation dimer with its atoms in planarsp2

bonding configurations@with sites labeledl 1 and l 2 in Fig.
4~b!#, and an asymmetric raised dimer with one cation in a
medium-low (m) sp2 configuration and the other in a high
(h) pyramidals2p3 configuration. We have previously12 cal-
culated the energy for Ga12xInxP ~232! surfaces containing
zero, two, and four In atoms in the four-atom 232 unit cell
~the remainder being Ga!. For surfaces containing two In
atoms, we found that a pattern with Ga occupying thel 1 and
l 2 sites and In occupying them andh sites had the lowest
energy. This occupation pattern corresponds to bulk CuPtB
ordering. We now expand our earlier calculation to include
~232! surfaces containing one and three surface In atoms per
cell. We also allow for In in the second subsurface layer in
addition to Ga@on the sites labeledA andB in Fig. 4~b!#. As
before, GaAs is used as substrate below the top three atomic
layers. For the new surfaces, the minority surface atom can
occupy one of the four inequivalent sites in the 232 cell ~l 1,
l 2, m, or h!. Based on a spin model14 fit to our previous
results, we expect that an In atom would prefer the medium-
low site on the raised dimer (m), and a Ga atom would
prefer one of the sites on the low dimer~l 1 or l 2!. For Ga on
theA andB sites, the model fits the present pseudopotential
results within 3 meV per surface atom. An outstanding fea-
ture of the spin model is strongly dominant on-site interac-
tion terms and almost negligible pair interactions. As we
shall see below, this is common to all the surface reconstruc-
tions and, to the extent that pair interactions can be com-
pletely ignored, causes all ordered surface alloys to have
primitive cells equal to that of the associated surface recon-
struction.

Figure 4~a! summarizes our results. It shows the calcu-
lated relative surface energies for the~232! surfaces as a
function of the chemical potential differenceDm5mGa2mIn .
Each line in the figure is labeled according to the sites occu-
pied by Ga. For instance,lhm means that the sitesl 1, l 2, h,
andm are occupied by Ga and the sitesA andB are occupied
by In. The lowest-energy surface structures can be grouped
into separate regions with transition points indicated by the
vertical arrows in Fig. 4~a!. Below Dm520.22 eV, all the
surface and subsurface sites are occupied by In. At20.22
eV, both cations on the low dimer sites change from In to Ga.
Between20.22 eV and20.07 eV, the low-energy structure

FIG. 2. Relative formation energy per 131 unit cell for ~a! GaP
on GaAs,~b! InP on GaAs, and~c! GaAs~001! surfaces as a func-
tion of the cation chemical potential~with respect to solid Ga and
In!. The dashed vertical lines indicate the limits of the thermody-
namically allowed range. The reference composition corresponds to
a surface with equal amounts of cations and anions and the zero of
energy is chosen for presentation purposes.

FIG. 3. Relative formation energy per two atoms for bulk GaP,
InP, and ordered chalcopyrite-like and CuPt-like GaInP2 as a func-
tion of the Ga/In chemical potential difference. The reference com-
position and the zero of energy are chosen for presentation pur-
poses.
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the b2~234! surface, and assuming that the growth takes
place roughly in the middle of the GaInP2 bulk region~i.e., at
Dm520.1 eV!, the energy termDm2Dmi for site ‘‘3’’ ~see
Fig. 6! is 20.1 eV and for site ‘‘4’’ is20.2 eV. These values
are in rough agreement with the values20.15 to20.22 eV
inferred from the thermodynamic modeling of observed sur-
face segregation at~001! GaxIn12xAs surfaces.6,9,10 Nagle
et al.9 noted that their data for growth on cation-terminated
~432! surfaces seemed to indicate a reduced segregation of
In, also in accord with our calculation.

We can use the above model to produce quantitative re-
sults for segregation at finite temperatures. A comparison of
the composition in the top two surface layers with that of the
bulk is shown in Fig. 9 for two temperatures, 600 and 900 K.
The relationship between the bulk chemical potential and
composition was determined using the regular solution
model.31 The energy of the epitaxially constrained random
alloy was determined using a linear combination of the bulk
structures shown in Fig. 3 with coefficients determined by
the tetrahedral cluster probabilities of the random alloy~ 1

16,
3
8 , 1

2, and 1
16 for GaP, chalcopyrite, CuPt, and InP,

respectively!.32 The surface composition is that of the four
surface layers shown in Figs. 4–7. Figure 9 confirms our
earlier discussions and shows that, in general, thec~434!
andb2~234! segregate In, theb2~432! segregates Ga, while
the ~232! reconstruction is relatively nonsegregating. Not
shown in the figure but evident in our calculations is that the
surface layer is much more strongly segregating than the
subsurface layer. Notice how all the curves in Fig. 9 have
derivatives of less than one for intermediate compositions.
The composition of the surface, therefore, changes more
slowly than that of the bulk. This surface composition pin-
ning is caused by the fact that the chemical potential range
over which the surface transforms its composition from In to
Ga is much larger than that of the bulk~compare Figs. 4–7
to Fig. 3!.

Finally, our results suggest a way to create abrupt inter-
faces in semiconductor heterostructures. If the observed non-
abruptness in, e.g., GaAs on InAs growth is caused by inter-
facial mixing due to In surface segregation, it can perhaps be
overcome by changing the chemical potential of both the
anion and the cations during growth. The In-rich layers could
be grown on theb2~234! surface, where In would segregate

to the surface, and the Ga-rich layers could be grown on the
b2~432! surface, where Ga should segregate. The surface
segregation effect should then work to make both the In on
Ga and the Ga on In interfaces abrupt. Tournie, Trampert,
and Ploog33 have demonstrated that growth onb2~432! sur-
faces is possible, although they were using the reduced anion
diffusion rate of the cation-terminatedb2~432! to increase
the critical thickness of strained InAs layers.

C. Surface ordering at T50

Figures 4–7 show that two-dimensional CuPt ordering is
possible in the near-surface layers. Figure 3 shows, on the
other hand, that chalcopyrite-ordered bulk GaInP2 has a
lower energy than that of CuPt-ordered bulk. In order for a
surface ordering mechanism to lead to three-dimensional
CuPt ordering in thick films, there can, therefore, be no dif-
fusion in the interior of the sample. Such diffusion would
destroy the CuPt ordering and lead to chalcopyrite ordering
~at very lowT! or a random alloy~at higherT!. Equilibrium
between the bulk and the surface can, therefore, not be
present if CuPt ordering is observed. This lack of equilibrium
modifies the surface stability diagram. Consider growth
where diffusion rates restrict equilibrium to only the topn
cation layers. As before, the P chemical potentialmP is de-
termined according to Eq.~2! by the bulk composition and
structure. The surface structure and composition must, how-
ever, remain consistent with the bulk. To see this, imagine
changingmP slightly so that the crystal grows~or shrinks!.
Thenth layer~before the growth!, which previously was part
of the equilibrium, is now out of equilibrium with the sur-
face. Such a situation clearly only makes sense if thenth
layer, i.e., the deepest layer in equilibrium with the surface,
has the composition and structure of the bulk. In the calcu-
lation of the stability diagram, we must therefore only in-
clude structures whose occupation patterns in layern and
below are like bulk. Motivated by experiment, we consider
the bulk structures GaP, InP, and CuPt-ordered GaInP2. For
each of these bulk structures, a surface stability diagram is
computed, and the stability region of the surface whosenth
cation layer composition and structure is consistent with
~same as! the bulk is extracted and shown in Fig. 10 forn51
and Fig. 11 forn52 @n51 for the c~434! surface#. Thus,
Figs. 10 and 11 represent stability diagrams for surfaces
where diffusion is limited to the top two and the top four
monolayers, respectively. The gross features of the resulting
stability diagram resembles Fig. 8 with some minor shifts of
boundaries. Some regions overlap slightly, indicating hyster-
esis, and gaps are seen where no surface structure consistent
with the three bulk structures was found. Regions of CuPt-
ordered GaInP2 exist in Fig. 10 for the~232! reconstruction
and in Fig. 11 for theb2~234! and thec~434! surfaces, with
the latter beingA type. For theb2~432! surface, as dis-
cussed in Section III D, perfect CuPt ordering does not exist.

D. Surface ordering at finite T

We can use the thermodynamic model discussed in Sec-
tion IV B, above, to calculate the occupation or composition
of each site as a function of temperature. For each surface
reconstruction, we focus on the layer that shows the stron-
gest tendency to order. This includes the surface layer for the

FIG. 9. Surface composition as a function of bulk composition
for the Ga12xInxP~001! surface in the indicated reconstructions at
T5600 and 900 K. The surface composition is that of the upper-
most four layers.
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