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Using the first-principles total-energy pseudopotential method, we have studied the formation energy of the
(001) Ga, _,In,P alloy surface as a function of composition and reconstruction. The results are presented as
T=0 surface stability diagrams that show the lowest energy reconstruction and cation occupation pattern as
functions of the chemical potentials. Slightly different stability diagrams emanate depending on whether or not
there is equilibrium between the surface and the bulk. The stability diagrams show a pronounced asymmetry
between the Ga- and In-rich regions. The asymmetry is interpreted in terms of the size difference between In
and Ga and the effect of this size difference on the bonding geometry. For surfaces in equilibrium with the
bulk, we find a strong dependence of surface segregation on the surface reconstruction, and we predict a Ga
enrichment of the surface in the moderate cation-rich limit and In enrichment in the anion-rich region. This
result suggests a way to achieve abrupt interfaces in semiconductor heterostructures. For surfaces not in
equilibrium with the bulk, we identify regions in the stability diagram where surface-induced CuPt ordering
(both typeA and typeB) occurs.

[. INTRODUCTION energy or coefficient that models the energy change when a
surface atom is swapped with a dissimilar bulk atSmt°

The structure of(001) IlI-V semiconductor surfaces is Long-range cation or anion CuPt-type ordering has been
strongly dependent on the cation/anion ratio at the surfacebserved in thick films for most pseudobinary 11l-V semicon-
For example, thé001) GaAs surface is observed to form a ductor alloys grown from vapor-phase constituéntghe or-
sequence of different reconstructions ranging from ¢ké  dering propagates deep into the film but has been shown to
X4) and the(2X4) As-rich to the (4X2)/c(8%X2) and the occur at the growth surface. It can be observed directly using
(4% 6) Ga-rich surface$? Each reconstruction can be under- electron or x-ray diffraction or indirectly through its effect on
stood as an attempt by the surface to accommodate its véae band gap. CuPt-type ordering could, in principle, occur
lence electrons either in Ga-As, As-As, or Ga-Ga bondingalong any of the bulk-equivalertl1l} directions. Experi-
orbitals or in As dangling-bond orbital$001) surfaces of mentally, however, ordering along two of the directions,
other IlI-V materials are less well studied but appear to showW111] and[111], is observed much more often than that along
reconstructions similar to those of GaA$For semiconduc- the other two. The common type of ordering is labeled
tor alloy surfaces, in addition to the cation/anion ratio, theCuPt, and the other type is termed CyPWWe have previ-
concentration of the alloying elements must be considerecusly studied th€001) Ga, ¢ny P alloy surfaces in the con-
The combination of surface reconstruction and surface alloytext of ordering*>=*® We identified two possible thermody-
ing leads to two new features absent from the surfaces afamic sources for the observed CyRirdering. First, we
binary zinc-blende semiconductors: surface segregation aridentified a cation-terminate(®<2) surface reconstruction
surface-induced atomic ordering. where the surface-layer cations would form a stable

By surface segregation of a given element, we mean encuPg-like pattern. Second, we found that dimer-induced
richment of that element at a surface with respect to the bullelastic deformation under anion-terminaté&d<2) surfaces
composition. Surface segregation has been extensively studrould cause the third subsurface layer cations to order in the
ied in metal alloy3 where thermodynamic equilibrium is CuPg structure. The stability of these surfaces with respect
easily attained and where the impact of segregation at graito other types of surface reconstructions were not deter-
boundaries on metal strength was recognized early. Over thmined, however.
past 10 years, surface segregation studies have also beenln this paper, we study atomic structure aheO forma-
performed for semiconductor allo§sand there has been re- tion energies of the Ga,In,P (001) semiconductor alloy
cent interest because of an inability to achieve abrupt intersurface. Gggn, P alloys are usually grown ortlattice
faces in artificially grown 111V superlattices and heterostruc- matchedl GaAs substrates. We therefore constrain epitaxially
tures. Sometimes, when growing heterostructures containingur surfaces to GaAs, meaning that the surface lateral lattice
two materialsA andB, one of the interfaces, say, tideon B parameters are those of GaAs. We considectd4), 82(2
interface, is abrupt whereas tlBeon A interface is diffuse. X4), 82(4X2), B(4X2), and(2X2) reconstructions. With the
The nonabruptness of tH& on A interface correlates with, exception of the(2X2) reconstruction, these are well-
and is assumed to be caused by, the surface segregationsifidied, stable surface structures for the GaA3% surface
material A during growth. This important technological and will be used to derive candidate alloy surface structures
problem has been studied for AlAs/GaAs and GaAs/InAsby replacing As with P and occupying the cation sites with
heterostructures, and empirical thermodynamic models hawearious patterns of Ga and In. Other GaAs surface structures
been fit to experimentformulated using a single exchange that have been observedare either transitional, incom-
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pletely understood, or have unit cells too large for our com-energy is minimized with respect to atomic displacements. In
putational resources and will not be considered here. We alsorder to compare energies of surfaces with different amounts
avoid the sometimes observé2ix1) and(1X2) reconstruc- of Ga, In, and P, we must specify the energy or the chemical
tions. Simple dimerized surfaces such as these do not satisfpotential of the Ga, In, or P atoms that must be removed or
the so-called electron counting rifiehat characterizes low- added when converting one surface into another. This as-
energy surface structures. The electron counting rule simplgumes that the surface is in equilibrium with atomic reser-
states that under conditions of charge neutrality, the surfaceoirs. For instance, an equation determining the coexistence
favors a semiconducting structure where all anion danglindine (by comparing the energies of the top four layersthe
bonds are filled and all cation dangling bonds are empty. Weation-rich B2(4x2) GaP surface and the anion-rich
nevertheless include the@Xx2) reconstruction, which is a B2(2x4) InP surface can be written as
modification of the(1X2) surface. This(2X2) recovers its 14 5
semiconducting properties by making half of the cation ]
dimers asymmetri&? For mos%/ of the ?econstructions dis- E[GaPB2(4x2)]+ 8 Bt g Mp
cussed above, we study the alloy formation in the top four
atomic layers. 12

The resulting T=0 surface stability diagram is con- =E[InP;32(2X4) ]+ 5" kea (1)
structed from theT =0 formation energies versus chemical
potentials. It provides detailed predictions of surface reconwhere E is the calculated surface total energy fdéix1)
struction patterns that are stable on thg G&n,P(001) alloy  surface unit cell and the coefficients of the chemical poten-
surface. Starting with the cation-rich surfaces, we find thatials (uga, min, and pp) are determined by the number of
the size difference between Ga and In leads to dramatic difatoms that are removed or addédSimilar equations can
ferences in the properties of the alloy surface relative to theasily be generated for all pairs of structures. If the chemical
GaAdq00)) surface. The cation-terminategR(4x2) recon-  potentials are free to vary without bounds, almost any sur-
struction dominates the Ga-rich region of the alloy surfacgace reconstruction and composition can be stabilized. The
stability diagram. This reconstruction is also observed forchemical potentials must, however, obey certain restrictions.
Ga-rich GaAs surfaces. Th@2(4X2) reconstruction is un- If the cation chemical potential is too high, cation precipitate
stable, however, with respect to the anion-terminateccan form. The(calculatedl total energies of bulk Ga and In,
B2(2X4) and cation-terminate®x2) reconstructions in the therefore, place upper bounds on the cation chemical poten-
In-rich region of the stability diagram. Thg2(2x4) recon- tials. Similarly, the total energy of bulk P puts an upper
struction dominates much of the more P-rich regions in thébound on the P chemical potential. Furthermore, because a
stability diagram, and we find a region of the double-layer,growing (dissolving crystal adds(remove$ bulk material
anion-terminatedc(4xX4) reconstruction to be stable in the and does not change the surface area, a crystal in steady state
extreme P-rich limit. (i.e., not growing or dissolvingrequires the chemical poten-

By comparing the surface composition to that of the bulk,tials to satisfy the equation
we determine the type and magnitude of the alloy surface
segregation. We observe a strong link between surface recon- Xpgat (1=X) int pp= Epu( Gay—xIn,Pie), (2
struction and surface composition, producing Ga segregati
for the 82(4%2) surface and In segregation for tj#2(2x4)
reconstruction. This link suggests that, by varying the P ove
pressurgand thereby the surface reconstrucjidiiring the
growth of semiconductor heterostructures, one can eliminat
the negative effects of surface segregation on the interfa
abruptness.

O\pvhereEbu,k(Gai,xlnXP; a) is the bulk total energyat com-
position x and structurex). Note that Eq.(2) contains the
"Bulk energy even though growth only requires atomic ex-
change between the surface and the reservoirs. Normally, the
fulk composition and structure are determineduy— i »

%ut, because the above argument does not involve the surface
structure, Eq(2) is valid whether or not the bulk is in equi-

In accord with our earlier studié$;*® we find strong . . : :
_ ' librium. We will use the calculated total energies of bulk
CuPy-type ordering for thé2x2) and 52(24) reconstruc- Ga _,In,P [taken as zinc blende GaP and InP constrained

tions. TheB2(2X4) results are new in that the previous study epitaxially to (001) GaAs and ordered GalgPn the CuPt

fhsidca(gxtl) ceII.ch?r thec§4><4)| reconst:ugt;on:[hwe f[[nd and chalcopyrite structures, as appropfidteeliminate wp.
at CuPx-type ordering Is strongly promoted for the cations v hgose to measures, and w,, with respect to the total

in the second s_ubsurfa_ce_ layer. The present study does ngﬁergies of bulk Ga and In, respectively. Because the bulk
support the earlier pr_edlctlon of CyRtrdering in the second energies form upper bounds for the respective chemical po-
subsurface layer cations under #x2) surface. tentials, they must both be negative although their difference
can, of course, take any value.

Using experimental crystal structutéand optimizing the
lattice parameters through energy minimization, we calcu-

Constructing theT=0 surface stability diagram for lated formation energies 6f0.92,—0.90,—1.34, and—1.22
Ga _,In,P is a matter of comparing the energy of the variouseV for GaAs, InAs, GaP, and InP, respectively, somewhat
possible reconstructions and cation occupation pattern arkigher than the experimental valuesp.85, —0.62, —1.04,
determining the one with the lowest energy. We use the firstand —0.64 e\A>?° Separate pseudopotential calculations, us-
principles pseudopotential method. Details, including planeing more accurate, hard-core potentials and a 20-Ry plane-
wave cutoffs, Brillouin zone sampling, etc., can be found inwave cutoff result in formation energies in good agreement
Ref. 13. For each reconstruction and occupation pattern, thaith experiment for GaP and InP. This shows that the error is

Il. METHOD OF CALCULATION
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(a) (2x2) chemical potential limits are determined by the free rather
Top-layer than the internal energy, further reducing the accessible
O cation top range.
@ anion view
H o IIl. INDIVIDUAL STABILITY DIAGRAMS

® anion side
view

In order to better understand the resulting stability dia-
gram, it is useful to consider some special cases that allow us

to examineT =0 surface energies as functions of single vari-
(b) B(4x2) . = . ;
_ ables, i.e.ugas tin» aNdAu= pga— win - We first consider the

surfaces of the binary constituents, GaP and InP. Next, we
top consider the alloy, but for one reconstruction at a time. As we
shall see, the individual surface reconstruction is the deter-
mining factor in how sites are occupied, which in turn deter-
mines surface segregation and ordering. Discussing one re-
construction at a time is, therefore, natural. In Sec. IV, we
will combine the results into a global stability diagram.

(c) p2(4x2)

A. (001) surfaces of GaAs, GaP/GaAs, and InP/GaAs

top Because we are ultimately interested in the alloy, which is
grown on GaAs, we constrain the lateral lattice parameters of
GaP and InP to match those of GaAs. GaP is therefore later-
side ally expanded and InP is laterally compressed. The lattice
view parameter perpendicular to the surface is determined by en-
ergy minimization. Schematic models of the various recon-
structions are shown in Fig. 1, and their relative surface for-
mation energies are plotted as functions of the cation
chemical potential in Fig. 2. Figure 2 also includes results for
top GaAs from Refs. 21 and 22. For each material, we have
view indicated the allowed range of the chemical potential as ob-
tained using the calculated total energies of the condensed
phases of Ga, In, P, and AS.For all three surfaces, the
cation-terminated, three-dimer plus missing dingéadx2)
reconstruction has a higher energy than the two-dimer plus

FIG. 1. Structural models for th@x2), B(4x2), B2(4x2), and subsurface dimetﬁ2(4><2) reconstruction. For GaAs, the
c(4x4) reconstruction for the GaAg01) surface. Openffilled) ~ A2(4%2) surface is stable over a narrow 0.15-eV chemical
circles denote cation@nions. The (2x4) reconstructions can be Potential range in the Ga-rich limit. For the laterally ex-

obtained from the4x2) reconstructions by swapping cations and Panded GaP surface, the stability range of#2e+x2) phase
anions and rotating the surface 90°. is significantly enlarged, whereas for the compressed InP sur-
face, this reconstruction is unstable with respect to a mono-
. . layer cation terminated(2X2) reconstruction and a
caused by the soft pseudopotentlals_and the relatively Iovib-terminated, two-dimer plus subsurface ding&f2x4) re-
plane-wave cutoff energfl0 Ry) used in the current study. cqnstryction. These differences can be understood in terms of
Because the soft potentials give zinc-blende and zinc-blendgstion-dimer relaxation, as described below. For all three ma-
alloy energy differences in excellent agreement with the reterials, we find that thgg2(2x4) reconstruction is stable as
sults from the hard-core potential calculations and also acCuhe surfaces become more anion rich, and that the

rate linear augmented plane-wave calculatidsee the p.terminated three dimers plus missing dimer on(&#x4)
discussion in Sec. lll B it seems likely that the formation econstruction is stable in the extreme P-rich limit.
energy errors are caused by underestimates of the binding

energy of In-In and P-P bonds. The overestimate of the for-
mation energies is of concern because it determines the
chemical potential bounds. If we assume that the error only The bulk T=0 relative formation energies for epitaxially
affects the energy of the elements, we can correct by lowerstrained GaP, InP, and GalpBre shown in Fig. 3. As the
ing the energy of In and P by 0.3 eV each. The chemicathemical potential differencgg,— i, changes from In rich
potential boundaries of In and P would shift by the sameto Ga rich, the equilibrium bulk structure changes from InP,
amount, reducing the accessible range by 0.3 eV for GaP artd chalcopyrite Galnf, and then to GaP. The transition
0.6 eV for InP. Note, however, that the error may affect thepoints are Au=pug,;—mn=—0.15 and —0.03 eV, respec-
dimer binding energies as well. The current results shouldively. The experimentally observed CuPt-ordered GalisP
therefore be taken as representative of nonlattice-matche2b.5 meV per atom higher in energy than the chalcopyrite
[1I-V semiconductor alloys and not as a completely accuratestructure with the same composition and is therefore unstable
description of Ga_,In,P. Note also that for finitel, the in bulk form for any value of the chemical potentials. Our

B. Bulk stability diagram
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value for the CuPt-chalcopyrite energy difference is in goodbonding configurationgwith sites labeled,; andl, in Fig.
agreement with the value 28.6 meV per atom from a recend(b)], and an asymmetric raised dimer with one cation in a
calculation by Luet al?* and the chalcopyrite formation en- medium-low (n) sp? configuration and the other in a high
ergies, 7.8 and-15.0 meV per atom with respect to incoher- (h) pyramidals®p® configuration. We have previoushycal-

ent and epitaxially coherefion GaAs binaries, respectively, culated the energy for Ga,In,P (2x2) surfaces containing
are also in good agreement with previous calculations, 7.3ero, two, and four In atoms in the four-atonx2 unit cell
meV per atorf* and —15.7 meV per atomd> The value (the remainder being GaFor surfaces containing two In
Aup=—0.09 eV is the point where the bulk composition atoms, we found that a pattern with Ga occupyinglthand
crosses over from In rich to Ga rich. This point will serve asl, sites and In occupying then and h sites had the lowest

a reference for assessing surface segregation, below. energy. This occupation pattern corresponds to bulk guPt
ordering. We now expand our earlier calculation to include
C. The (2x2) alloy surface (2X2) surfaces containing one and three surface In atoms per

Next ider th | i 57 cell. We also allow for In in the second subsurface layer in
ext, consider the monolayer cation cover&ge 2) sur- addition to Gdon the sites labeled andB in Fig. 4b)]. As

face r_econstructlo(lﬁg. 4. As shown in Fig. 2, this recon- before, GaAs is used as substrate below the top three atomic
struction may be stable for laterally compressed InP but unfayers. For the new surfaces, the minority surface atom can

stable Iqr elxpandtta.d GO‘?P' Tné.::f).t unltt cell 'conltamsza occupy one of the four inequivalent sites in the2cell (I 4,
symmetric, low cafion dimer with 1is atoms in planap l,, m, or h). Based on a spin modélfit to our previous

results, we expect that an In atom would prefer the medium-
low site on the raised dimem{), and a Ga atom would

400 — prefer one of the sites on the low dimgg or |,). For Ga on
| the A andB sites, the model fits the present pseudopotential
200 [~ 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-

Energy (meV)
(=)

-200 [

-400 L— A L L L L L . )
-14-12-1.0-08-06 0402 0 02 struction. .
Bga (6V) Figure 4a) summarizes our results. It shows the calcu-
400 lated relative surface energies for tk&x2) surfaces as a

function of the chemical potential differenéqu=pug,— -
Each line in the figure is labeled according to the sites occu-
pied by Ga. For instancéhm means that the sitds, |, h,
andm are occupied by Ga and the sittsndB 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. &). Below Au=-0.22 eV, all the
surface and subsurface sites are occupied by In—B8t22

eV, both cations on the low dimer sites change from In to Ga.
i (8V) ' Between—0.22 eV and—0.07 eV, the low-energy structure

200 |

Energy (meV)
o
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400 — T T T T T T
I 1 150 T
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I ] 100 1
50 \ CuPt-ordered |
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FIG. 2. Relative formation energy pex1 unit cell for (a) GaP Paa™tn (6V)

on GaAs,(b) InP on GaAs, andc) GaAg001) surfaces as a func-

tion of the cation chemical potenti@hith respect to solid Ga and FIG. 3. Relative formation energy per two atoms for bulk GaP,
In). The dashed vertical lines indicate the limits of the thermody-InP, and ordered chalcopyrite-like and CuPt-like GalaPR a func-
namically allowed range. The reference composition corresponds ttion of the Ga/ln chemical potential difference. The reference com-
a surface with equal amounts of cations and anions and the zero pbsition and the zero of energy are chosen for presentation pur-
energy is chosen for presentation purposes. poses.
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is a CuPg-ordered GgslngsP surface layer with In in the 150
second subsurface layer. At0.07 and—0.05 eV, the sites in
the subsurface layer change their occupation while the sur-
face layer remains Cuprdered. Finally, at 0.18 and 0.20
eV, the cations on the raised dimer sites change from In to
Ga and the surface changes from Guet pure GaP. In our
earlier study using a valence force field motfel*we found

an energy difference of 103 meV per surface atom between
the two subsurface CuPtariants: Ga orA sites and In orB

sites for the low-energy variant and and the opposite for the
high-energy variant. Combined with the spin model results,
this suggested that the layer might be strongly GuPt
ordered** Here, the energy difference is only 22 meV per
surface atom. The ordering in the subsurface layer is there-
fore much reduced and is negligible at typical growth tem-
peratures. At the reference valig,,=—0.09 eV, where the
bulk composition is 1/2, the surface layer composition is 1/2
with Ga onl, andl, and In onh andm. The subsurface layer

is pure In atT=0, but the proximity ofAy, to both theA
andB transitions will make the sublayer only slightly In rich

at finite T.

100

Energy (meV)
o

FIG. 5. Relative formation energy peix1 unit cell (a) and top
view of the structure of the uppermost four layety for the
B2(4%2) reconstruction. Dashed lines correspond to structures
whose energy has been calculated using an Ising model. See also
the caption for Fig. 4.

D. The B2(4x?2) alloy surface

Reducing the cation content, we next study the
monolayer cation-terminate@2(4x2) structure (Fig. 5.

150 T T 7 T T

100 \ )&

Energy (meV)
o

-100

(a)

This reconstruction contains three cation dimers per unit cell,
two in the surface layer, labelet), (for uppey in Fig. 5b),

and one in the second subsurface layer, labd|edBoth the
surface dimers and the subsurface dimer sites change their
occupation around u= ug,— = —0.21 eV?® Given that it
should be easier to accommodate the larger In atoms at the
surface than in the bulk, it is perhaps surprising that the

surface dimer sites change from In to Ga at a more negative
value of Au than do either the subsurface atomsth their
fourfold coordination, bulk, or, on the average, the dimers
on the more densely packé€2ix 2) surface. The highly nega-
tive Au value for the dimer transformation point can be un-
derstood, however, by noting that Ga is better able to achieve
planarsp? bonding geometries between the underlying P at-
oms than is the larger In atom. The electronic configuration
of the dimers on thegg2(4x2) surface is the same as that of
the low dimer on thé€2Xx?2) surface, and this fact is reflected

in their very similar transition valuggompare thé, I, tran-
sition in Fig. 4a) with the d,,,d, transition in Fig. %a)].’

The B82(4%x2) surface contains only low dimers, whereas, on
the (2X2) surface, half the In can remain relatively uncon-
fined on the electron-rickp?—s?p? high dimer. This gives
the (2X2) surface an energy advantage when the In content
surfaces in th€2Xx2) reconstruction. Each line in pai) is labeled is high and helps explain why the2(4x2) surface is S.tabl.e
according to which sitelsvith reference to paith)] are occupied by for GaP but unstgble for Inf.One can also observe, in Fig.
Ga. Each arrow and small solid circle indicates the chemical poten5§b)’ hPW the Catlon_dlmers p_ush the P atoms outwards. T_he
tial value at which a particular sit@s labelefichanges its occupa- dimer-induced elastic relaxation makes the subsurface sites
tion from In to Ga(from left to right. The reference composition [N€quivalent in terms of size and causes the subsurface sites
corresponds to a surface with equal amounts of Ga and In, and tHA—D) to transform over a range of chemical potential be-
zero of energy is chosen for presentation purposes. In(parthe tween—0.16 and 0.10 eV. The sites directly underneath the
solid black circles show the position of P atoms, the open circleslimers(C andD) have more space than the sites between the
represent top-layer cations, and the shaded circles indicate secordimer rows(A andB), as reflected in the sequence at which
layer cations. the sites transform.

T|J,|2

-150

-0.3 -02 -0.1 0 0.1 0.2 0.3
Uaa Min (eV)

FIG. 4. Relative formation energy peix1 unit cell as a func-
tion of the ug,— mn chemical potential difference) and top view
of the structure of the uppermost four layéos for Ga; _,In,P(001)
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150 . . . . (@) 6(b)] and two fourfold(labeled “4”) coordinated cations per
100 5 ] unit cell®® The cations in the third subsurface layer are la-
. 57 beled A-D, and are all fourfold coordinated. Relative sur-
) SN face formation energies are given in Figap Considering
E TN Ao P first the top cation layer siteghe first subsurface laygrthe
3 0 | __AC—T7 A ?AC e threefold-coordinated cations change their occupation at
SCJ’ -50 t % T 3.C T N - _AM:_/’LGa_MIn:_O_-Ol eV and the fourfold-coordinated cat-
Q ions in the top cation layer transform at 0.09 eV. Each dimer-
-100 ¢ T B 4= T A-D3 ized P atom has five electrons and therefore pre$éps
-150 A . . , D 4D bonding configurations with 90° bond angles. Because such
-3 02 01 0 01 02 03 bond angles are more easily achieved with the longer In-P
Paa tin (V) bond lengths, In occupation is favored on site “4.” Another

manifestation of the bonding configuration can be observed
in Fig. &b), where the P dimers pull the underlying cations
inwards. Although the next cation layéthird subsurface
layen have bulklike environments, dimer-induced elastic re-
laxations again cause the sites to be inequivalent. They trans-
form over a range oAu as indicated by the arrows in Fig.
6(a). Note that now the cationsnderneaththe dimers(sites

A andB) transform at the more negativiu. The transfor-
mation range for thgg2(4x2) is also larger than that for the
B2(4X2) surface.

FIG. 6. Relative formation energy peix1 unit cell (a) and top BetweenAu=—0.13 eV (where theB site transformps
view of the structure of the uppermost four layety for the  and —0.01 eV (where theC site changes occupatignthe
B2(2X4) reconstruction. Dashed lines correspond to structuresypsurface cation pattern is Cyfike, with Ga on theA and
Who_se energy has been estimated using an Ising model. See also f8egjtes and In on theC and D sites. The more complex
caption for Fig. 4. reconstruction, therefore, leads to qualitatively the same re-
sult as our earlier study? *>where we used a simplétx2)
reconstruction.

At the reference poinA w, where the bulk composition is

In the chemical potential range between transitiBrand
C, the occupation of the subsurface si##sB, C, and D

corresponds to CuRrdering, but, because tlg sites con- 1 e first subsurface layer cation sites “3” and “4,” as well
tain Ga, the subsurface layer composition is hn a later 45 the third subsurface layer cation si@sand D, are all
section, we will discuss ordering at finite temperatures, a”‘i')ccupied by In with only the site& andB occupied by Ga.
there we will see that forcing the layer composition tozbe The composition in the top four layers is therefdsewhich

will fix the Au at theB transition, leading to small values for ghows that theg2(2x4) surface segregates In.
the CuPt as well asthe CuPg ordering parameter. Note that

using a layer(In) composition of3 will produce a much
larger CuPft ordering parameter. Note also that elastic relax-
ations induced by thd, dimer may promote CuRtordering
below the second subsurface layer as well.

We note again that thdu value at which a given site
changes its occupation is approximately independent of th - i
occupation at the other sites. This can be observed from Figh€ A(4X2) pattern to lower its electrostatic eneryBe-

5(a) by noting that the small solid circles, each denoting the“2US€ the topmost cation layer for this surface is already the

occupation change of a single site, are stacked approximate cond sut_)surface. Iay_er, we have restrictedl our investigation
verticpally.29 d g bp j[itflthe alloying of this single layer. As shown in Figby, the

At the bulk reference poinhu,=—0.09 eV, the surface |aYer contains three inequivalent sites, labefed, andC.
dimersd, are all Ga. The subsurface dimes and theA All three S|tes_are_fourfold coordlnatgd. The er?erge_tlcs of the
site are also Ga while thg, C, and D sites contain In. |2yer, shown in Fig. @), are determined by dimer-induced
Simple counting leads to an overéih) composition ofS for elastic relaxations S|m|I§1r to those for thQ(2x14) surface.
the two layers. At finiteT, the In concentration will be even 1€ Smaller space on sites underneath the dinfeesndB,

smaller because of the proximity dfu, to theB transition. ~ [@vors the occupation of Ga atoms. Thesites are under-
The B2(4x2) surface therefore segregates Ga. neath two dimers while thB sites neighbor a missing dimer,

causing theA site to transform a\u=pg,— wn=—0.44 eV,
compared to—0.05 eV for theB site. TheC site transforms
at 0.20 eV, giving a transformation range of 0.64 eV. This
range is much larger than that of the third sublayer under-
neath the B2(2x4) surface, presumably caused by the

F. The c(4x4) alloy surface

The c(4%4) reconstructed surface is terminated by 1 and
2 monolayers of P. The surface layer is dimerized with every
g)urth dimer missing. It reconstructs in tbé4x4) instead of

E. The B2(2x4) alloy surface

Removing additional surface cations, we obtain the
monolayer, anion-terminate@2(2x4) surface(Fig. 6). The
B2(2x4) surface is identical to theg2(4x2) surface, but stronger effect of three aligned dimers.
with cations and anions swapppmbmpare Fig. ) and Fig. In the range—0.05<Au<<0.20 eV, theA andB sites are
5(b)]. The surface is terminated by P dimers and the firsbccupied by Ga and th€ sites by In. This pattern corre-
subsurface layer contains four threefpldbeled “3” in Fig. sponds to CuRtordering.
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FIG. 8. T=0 surface stability diagram as a function of the Ga
and In chemical potentials for the uppermost four layers of the
Ga _,In,P(00) surface. The surface layers are assumed to be in
equilibrium with the bulk. The solid black lines separate regions of
different reconstruction§as labeleyl and the dashed lines indicate
composition changes within a given reconstruction. The latter lines

FIG. 7. Relative formation energy pei<1 unit cell (a) and top  are labeled according to Figs. 3—5. The solid gray lines show the
view of the structure of the uppermost four layeits for the  bulk composition changesee Fig. 3, and the cross-hatched region
c(4x4) reconstruction. See also the caption for Fig. 4. is thermodynamically inaccessible becaygeexceeds the energy
of bulk phosphorus.

At the reference valué\w,=0.09 eV, where the bulk
composition is3, only the A sites are occupied by Ga. This tions with respect to thg82(4x2) surface. However, under
gives a layer(In) composition of 6/8. The(4x4) surface, Mmore In-rich conditions, th€2x2) CuPt-ordered Galnfsur-
therefore, segregates In, although the proximity of Bie face and the InP surface may be stable. Conversely, the
transition will strongly reduce the segregation at finite tem-cation-terminateqs2(4<2) surface is stable only in the Ga-
perature. rich region. For more negative values of the cation chemical
potentials, the P-terminategB2(2x4) surfaces become
stable. In general, pure GaP is found in the lower right-hand
corner of Fig. 8, pure InP in the upper left-hand corner, and

We next combine the results of Figs. 2—7. Because thisnixed compositions in between. Comparing the composition
involves comparing surfaces with different numbers of cat-of the surface to that of the bulk, th@x2) surface layer
ions, the Ga and In concentrations are now independent, aridnds to have the bulk composition, ti#2(4Xx2) surface
a line in a previous figure converts to a surface in the twodayer is Ga rich, and thg2(2x4) first subsurface layer is In
dimensional space Qfg,— u, and ug,+ i, Of, equivalently,  rich. The cation layers below the first subsurface layer are all
Maa and w,, . For each pair of chemical potential values, thebulklike in their composition. As argued in the discussion of
stable surface configuration is determined by selecting théhe energetics of each reconstruction, it is likely that the

IV. THE GLOBAL (001) SURFACE STABILITY DIAGRAM

one with the lowest energy. strong asymmetry between In and Ga is caused by the rela-
tive difficulty or ease by which the In/Ga atoms can occupy
A. Surface reconstruction and surface segregation &t =0 the low dimers on the cation-terminated surfaces. Thus, we

) _ ) _expect that the surface stability diagram in Fig. 8 is typical of
As discussed previously, for a surface in complete equiyj|.y common-anion lattice-mismatched alloys.
librium with its bulk, up is determined as a function @i,

and u,,, by the bulk structure with the lowest ener@ccord-
ing to Fig. 3. The resultFig. 8 is a prediction of the struc-
ture and compositioriincluding the occupation pattermf We have noted several times that the occupation of a par-
uppermost four surface layer®eeper layers are considered ticular site is largely determined by the properties of the site
to behave energetically like bu)kThe heavy solid lines in itself and is independent of the occupation of other sites.
the figure indicate boundaries between different reconstrud=urthermore, the energy gained or lost by changing the oc-
tions. A change in composition without an attendant reconcupation of a particular site is simply the difference be-
struction change is indicated by the dashed lines and is ldween the current value &fu=ug,—u, and the value\y,
beled according to Figs. 4—7. As expected from ourat which the site would change its occupationTatO (see
discussion of the binary surface@ig. 2), the cation- Figs. 4—7. The finite temperature occupation of a sités,
terminated(2x2) surface is unstable under Ga-rich condi- thereforeg™(A#~2#)/KT/(1 4 = (Au=Aw)/kT) "For growth on

B. Surface segregation at finiteT
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to the surface, and the Ga-rich layers could be grown on the
- { B2(4x2) surface, where Ga should segregate. The surface
2 081 p2(2x4) (2x2) A segregation effect should then work to make both the In on
8 cdxd)| z = /’ Ga and the Ga on In interfaces abrupt. Tournie, Trampert,
g 06 = G s and Plood® have demonstrated that growth Ba(4X2) sur-
8 SR /// - i faces is possible, although they were using the reduced anion
% 0.4y ) 27 p2(ax2) ] dlffu5|_o_n rate_ of the catlon-f[ermlnate)(elz(4><2) to increase
£ Y. the critical thickness of strained InAs layers.
& 02 7 — 900K A

74 — — - 600K C. Surface ordering at T=0

0
0

02 04 06 08
Bulk Composition

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 Galrtias a

FIG. 9. Surface composition as a function of bulk compositionlower energy than that of CuPt-ordered bulk. In order for a
for the Ga_,In,P(001) surface in the indicated reconstructions at surface ordering mechanism to lead to three-dimensional
T=600 and 900 K. The surface composition is that of the upperCuPt ordering in thick films, there can, therefore, be no dif-
most four layers. fusion in the interior of the sample. Such diffusion would

) destroy the CuPt ordering and lead to chalcopyrite ordering
the B2(2x4) surface, and assuming that the growth takesat very lowT) or a random alloyat higherT). Equilibrium
place roughly in the middle of the GalpBulk region(i.e., at  petween the bulk and the surface can, therefore, not be
Ap=-0.1eV), the energy termdu—A; for site “3” (see  present if CuPt ordering is observed. This lack of equilibrium
Fig. 6)is —0.1 eV and for site “4”is—0.2 eV. These values modifies the surface stability diagram. Consider growth
are in rough agreement with the value$.15 t0-0.22 eV where diffusion rates restrict equilibrium to only the top
inferred from the thermodynamic modeling of observed surtation layers. As before, the P chemical potentialis de-
face segregation a001) Galn; ,As surfaceS:®'° Nagle  termined according to Eq2) by the bulk composition and
et al? noted that their data for growth on cation-terminatedstrycture. The surface structure and composition must, how-
(4x2) surfaces seemed to indicate a reduced segregation @fer, remain consistent with the bulk. To see this, imagine
In, also in accord with our calculation. ~ changingus slightly so that the crystal grow&@r shrinks.

We can use the above model to produce quantitative refhenth layer(before the growth which previously was part
sults for segregation at finite temperatures. A comparison of the equilibrium, is now out of equilibrium with the sur-
the composition in the top two surface layers with that of theface. Such a situation clearly only makes sense ifritre
bulk is shown in Fig. 9 for two temperatures, 600 and 900 K jayer, i.e., the deepest layer in equilibrium with the surface,
The relationship between the bulk chemical potential anthas the composition and structure of the bulk. In the calcu-
composition was determined using the regular solutionation of the stability diagram, we must therefore only in-
model®* The energy of the epitaxially constrained randomcjyde structures whose occupation patterns in layemd
alloy was determined using a linear combination of the bulkhelow are like bulk. Motivated by experiment, we consider
structures shown in Fig. 3 with coefficients determined byihe pulk structures GaP, InP, and CuPt-ordered GalRBr
tshe teltrahedrall cluster probabilities of the random allgy  each of these bulk structures, a surface stability diagram is
s » 2 and g for Gap, chalcopyrite, CuPt, and InP, computed, and the stability region of the surface whate
respectively.” The surface composition is that of the four cation layer composition and structure is consistent with
surface layers shown in Figs. 4—7. Figure 9 confirms oufsame asthe bulk is extracted and shown in Fig. 10 for1
earlier discussions and shows that, in general,d(rm<4)_ and Fig. 11 forn=2 [n=1 for the c(4x4) surfacd. Thus,
andp2(2x4) segregate In, thg2(4x2) segregates Ga, while Figs. 10 and 11 represent stability diagrams for surfaces
the (2X2) reconstruction is relatively nonsegregating. Notwhere diffusion is limited to the top two and the top four
shown in the f|gure but evident in our Ca|Cu|atI0n'S is that tth]Ono|ayers7 respective|y_ The gross features of the resu'ting
surface layer is much more strongly segregating than thetapility diagram resembles Fig. 8 with some minor shifts of
subsurface layer. Notice how all the curves in Fig. 9 haveyoundaries. Some regions overlap slightly, indicating hyster-
derivatives of less than one for intermediate compositionsesis, and gaps are seen where no surface structure consistent
The composition of the surface, therefore, changes morgjith the three bulk structures was found. Regions of CuPt-
slowly than that of the bulk. This surface composition pin-grdered Galnpexist in Fig. 10 for the2x2) reconstruction
ning is caused by the fact that the chemical potential ranggnd in Fig. 11 for theg2(2x4) and thec(4x 4) surfaces, with
over which the surface transforms its composition from In tothe |atter beingA type. For theB2(4x2) surface, as dis-
tGaFi'S ms)UCh larger than that of the bulkompare Figs. 4-7 cyssed in Section Ill D, perfect CuPt ordering does not exist.

o 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- We can use the thermodynamic model discussed in Sec-
facial mixing due to In surface segregation, it can perhaps b&on IV B, above, to calculate the occupation or composition
overcome by changing the chemical potential of both theof each site as a function of temperature. For each surface
anion and the cations during growth. The In-rich layers couldeconstruction, we focus on the layer that shows the stron-
be grown on theB2(2x4) surface, where In would segregate gest tendency to order. This includes the surface layer for the

D. Surface ordering at finite T
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FIG. 10. T=0 surface stability diagram of the GaIn,P(001) £ g
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faces where diffusion is limited to the uppermost two monolayers. € ] i b
The figure is a composite of three separate calculations and shows 3 RS ic) B2I(2X4) 3
the stability region of GaP, InP, and CuPt-ordered GalRen the 2 0.8 I » Jdos g
surface layer isiot in equilibrium with the bulk. o = T3

6} 0.6
(2X2) surface, the second subsurface layer for #2é4x 2) 06 T T T
and thec(4x4) surfaces, and the third subsurface layer for 04} 10.4
the B2(2x4) surface. The chemical potentiAlu=ugy— min =BT ]
is calculated as a function af by requiring that the average 02t _-—7 o --—-"""lo2
composition is;. CuPt and CuPt order parameters are cal- - -7 - A
culated from the appropriate site composition differences. Qlee=—" ‘ . ‘ . : 0
The results are shown in Fig. 12. The surfaces with the stron- T - ' ' (d) c'(4x4) 1
gest tendency for ordering are the Cy#etdered(2x2) sur- 0.8 Tt -~_C__ 0.8
face[Fig. 12a)] and the CuPtorderedc(4x4) surface[Fig. =T I e
12(d)]. The current(2x2) results are identical to our previ- 06l " los
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FIG. 12. Site compositions and CuPt ordering parameters as a
/ function of temperature fofa) the surface layer for th€2x2) re-

p2(4x2) construction,(b) the second subsurface layer for tB&(4x2) re-

//% construction(c) the third subsurface layer for thg2(2x4) recon-

aP struction, and(d) the second subsurface layer for tle¢4x4)

reconstruction of the Ga,In,P(001) surface.
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ous results shown in Fig.(6) in Ref. 14. As discussed in
14 -12 -10 -08 -06 -04 -02 O Sec. llID, our choice of layer composition causes the

B2(4x2) surface[Fig. 12b)] to order weakly in the second

uGa (V) ;
subsurface layer with nonzero order parameters for both
FIG. 11. T=0 surface stability diagram of the GaIn,P(00)  CuPh and CuP{ ordering. The52(2x4) surface[Fig. 12c)]

surface as a function of the Ga and In chemical potentials for surlS relatively strongly CuRt ordered. Theg2(2x4) surface
faces where diffusion is limited the uppermost four monolayershas only half the number of ordering-inducing top-layer
The figure is a composite of three separate calculations and showimers as that of the surface used in our earlier calculation
the stability region of GaP, InP, and CuPt-ordered GalmRen the  [see Fig. &) in Ref. 14, where a much larger degree of
surface layer isiot in equilibrium with the bulk. order was observed. Obviously, low diffusion rates combined
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with high growth rates will reduce the degree of order that isB2(2x4) andc(4x4) surfaces, and that Ga segregates on the
achieved in the subsurface layers. The observed degree oétion-terminategB2(4x2) surface. Th€2x2) reconstructed
order for thec(4x4) and 82(2X4) surfaces may therefore be surface shows little surface segregation. The larger surface
much less than predicted in Figs.(tRand 12d). unit cells make bulk-equivalent cation sites inequivalent at or
near the surface. This leads to surface ordering that takes the
form of layers with CuPt-like structure. We find strong CyIPt
V. SUMMARY ordering in the surface layer of th@x2) surface and the
third subsurface layer of th82(2x4) surface. Strong CupRt
We have performed total-energy calculations f601) ordering is found in the sgcond subsurfa_ce Iayer of the
Ga,_,InP surfaces in the cation-terminate@x2) and c(4x4) surface. Weak ordering is also predicted in the sec-
B2(4x2) reconstructions and the anion-terminaggzi2x4) ~ ©ond subsurface layer of the2(4x2) surface.
and c(4x4) reconstructions. All are constrained laterally to
GaAs substrates. The resultinig=0 surface stability dia-
grams show the most stable surface reconstruction and com- ACKNOWLEDGMENTS
position as a function of the cation chemical potentials.
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