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Surface dimerization induced CuPt 5 versus CuPt , ordering of GalnP alloys

S. B. Zhang, Sverre Froyen, and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401

(Received 12 June 1995; accepted for publication 10 Septembey 1995

Using a valence force field approach atainitio pseudopotential calculations, we examine the role
of subsurface strain in the ordering of G, P alloys. We show that depending on the orientation
of the surface phosphorus dimers, these alloys can tigaeCuPj ordering for X2 or c(4X4)
reconstruction{ii) a CuPg ordering for 2<1 or 82(2x4) reconstruction; andiii) a triple period
ordering for 23 or ¢(8xX6) reconstruction. These results are in good agreement with recent
experiments of Gomyet al. [Phys. Rev. Lett.72, 673 (1994); Jpn. J. Appl. Phys34, L469
(1995]. © 1995 American Institute of Physics.

Spontaneous ordering of 1lI-V alloys has now been ex-growth temperature§520 °C for 2<2 and 415 and 460 °C
tensively observed and characterized in many semicorfor 2X3, respectively and are hence believed to be more
ductors' The most frequently seen spontaneous orderingnion-rich than the 21 surface. Such reconstructions with
consists of monolayer superlattice alternation along(1i4) heavy excesg¢>1 monolayer of anions were not studied
cubic body diagonals.Of the four bulk-equivalent body di- theoretically before since the nature of the surface structure
agonals, ordering has been seen to take place along only twmder heavy anion coverage has become clear only reéently.
directions ([111] and [111], called CuPR{§ variantg, while, In this letter, we show via total energy minimization ttigt
until recently, ordering along the other two directigh$11]  the anion-terminated 21 surface reconstruction stabilizes
and [111], called CuP{ varianty was absent. Theoretical 2D CuPg ordering of the GgglngsP alloy by 88 meV/
studie$™* have demonstrated the relationship between sursurface atomfii) the 1xX2 double P layer reconstructida
face reconstruction and spontaneous ordering in the 2D susimplified version of the 22 reconstruction stabilizes
face plane. It was shown that a cation-terminated?Xur-  CuPt, ordering by 155 meV/surface atom whiié ) the 2x3
face reconstruction leads to a 2D Cgletrdering in the top  surface stabilizes a triple-period ordering by 97 meV/surface
surface layer and in the fourth subsurface layer, while aratom. These large stabilization energies are predicted to lead
anion-terminated &1 reconstruction leads to strong CygPt to a significant(~60%) degree of ordering at growth tem-
ordering in the third subsurface layer. The occurrence of orperatures. Our results confirm the suggestion of Gomyo
dering in these layers, depending on reconstruction type, ilet al>’ via a thermodynamic theory.
lustrates the intimate relation between top surface growth We first concentrate on the main distinguishing features
morphology and the depth of the ordering layer. It was fur-of various reconstructions [Fig. 1(a)]: observe that while
ther showf that the main thermodynamic driving force for both the 21 and the X2 surfaces are terminated by P
ordering is the creation of a subsurface selectivity for occudimers, due to the occurrence of double phosphorus layers in
pation by a small atoniGa) underthe strained dimer rows, the 1x2 surface, its P—P dimers are rotated by 90° with
and occupation by a large atofim) underneath the opening respect to those of thex2l surface. The 23 surface, on the
betweendimer rows. This subsurface selectivity induced byother hand, can be viewed as a combination of th& And
the top surface dimers depends naturally ondimeer orien-  2X1 surfaces, the former occupying 2/3 of the total projected
tation. The latter changes with reconstruction pattern. Thesurface area. We conducted elastic energy minimization cal-
subsurface selectivity in a given layer further depends on theulations via a valence-force-fie( FF) model(Refs. 2 and
depth of this layer under the top surface. Thus, nonflat sur4 and references therginn various ordered patterns on the
faces can have a corresponding range of depths of subsurfacedel 2<1, 1X2, and 23 surfaces, thus establishing the

ordering.

basic relation between dimer orientation and type of stable

Several significant experimental observations were reerdering. Conclusions draw from these calculations were

cently made in this respect. First, Gomgbal® discovered,
under MBE growth conditions favoring an anion-rickx2
surface reconstruction, atriple period ordering of
Alg.adng 57As/INP(001), ineitherthe[111] or the[1 11] di-
rections. Philipset al® recently also observed, i001)
Ing 54G&y 47/AS MBE epilayers, a triple period ordering fwo
directions:[111] and [1 11]. Second, Gomyet al.” discov-
ered a CuRtordering of Al slng sP/GaA4001) under MBE
growth conditions favoring aanionterminated X2 recon-
struction (with 1X2 basic building blocKs In contrast, the
conventional higher growth temperature-560 °C produces
the 2x1 reconstruction that leads to CgRirdering!® Both

then examined by more sophisticated first principles self-
consistent calculations on realigi¢® but complicated
B2(2x4) and c(4x4) surfaces, containing, respectively, the
building blocks(or motifs) of the 2<x1 and X2 model sur-
faces.

The total VFF elastic energy is minimized with respect
to atomic displacements subject to the constraint that surface
P—P dimers are fixed at the dimer geometry determined by
self-consistent pseudopotential calculati6hdhe contribu-
tion of all surface layer P—P dimer bonds is omitted from the
elastic energy. We use as input to the VFF calculations the
equilibrium bond lengths and force constants determined

the 2<2 and 23 surface reconstructions occur at low from first-principles pseudopotential calculatidfigor zinc-
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Ga period 2D ordering in th¢110] direction. A 50:50 Ga/In ratio is assumed.
GaAs GaAs
GaAs
200 placed at ther=third, second, and second subsurface layer,
[(@) Strain-induced Ordaring Eneray respepnvgly, for the 81, 1X2, and 23 surfaces. Negative
200 o, - energies in Fig. (c) mean stable structures. A2 superpe-

riodicity is used in Fig. 2a) for the 2<x1 and 1x2 surfaces,

but not for the X3 surface. A primitive X3 surface cell has

ten different occupation patterns. Some of them are degener-
ate. Here, we show in Fig.(B) the five nondegenerate pat-
terns: T1, T2, CuRt, NT1, and NT2. Out of the five, only

T1 and T2 may evolve into triple period ordering in {i4.0]
direction. We observe from Fig. 1 the followin@) The 2x1

-200 surface exhibits a strong CypPordering at the third subsur-

FIG. 1. (a) Top and side views of the>1, 1X2, and 23 model surface face Iayer(orde_ring .ene_rg_y_A Eord:_88 meV/Surf_ace 'ato.}n
reconstructions. The filled and open circles indicate anion and cation sites{he ordering direction i$110], which is the dimerization

respectively, with sizes descending from top surfaces. The cation sites djrection of this surface(ji) The 1X2 surface shows a strong

(under the dimensand B8 (between dimer rowsexhibit size selectivity(b) CUPQ ordering at the second subsurface Iayer with
Near surface atomic stacking sequences. L&y@ontaining sitesx andg is

the most strained cation laydc) Calculated ordering energyvith respect ~ 2Eorg=155 meV/surface atom. The ordering occurs along
to phase separatiptin layer Y for various 2D occupation patterns given in [110], which is the dimerization direction of this surfacg.)
Fig. 2. Here, Cup=CuPy},, CR;=CuP}, CH-chalcopyrite, while T1, T2, While in the 2<1 surface, the relaxation of the first subsur-
NT1, and NT2 label the 2D occupation patterns of the32surface. Clear 406 |ayer has but a small effect on the ordering energy at
par; are used Wh_en swapping Ga with In atoms in a given pattern resultln%:third subsurface laver: hi first bsurf
in different energies. yer;a much larger first subsuriace
layer relaxation effect occurs in thex® surface that orders
at the Y=second subsurface layer. This reflects the impor-
blende GaP, InP, GaAs, and InAs. In the case of P doublgance of atomic relaxations at the immediate vicinity of the
layers, we assume that the interlayer force constants involgrdered layery in minimizing strain energies. Without first
ing surface P atOI’T@VhiCh assume the pOSitionS of cations in subsurface |ayer re|axation, the Ordering energy in the 1
the normal zinc-blende stackipgnd first subsurface layer P syrface is 287 rather than 155 meV/surface atéw). The
atoms (which assume the positions of anions in the zinc-2x3 surface shows a strong three-period ordering with
blende stackingare given by the average force constants ofAE, =97 meV/surface atom. The ordering direction is
bulk zinc-blende GaP and InP. We have tested this assum|pi10], which coincides with the dimerization direction of the
tion for the c(4x4) surface by comparing to first-principles top layer of this surface.
pseudopotential results. The agreement is within a few hun-  Results(i), (ii), and(iv) are in good accord with recently
dredth of an angstrom for atomic positions and a few meVkuggested qualitative correlations between surface recon-
surface atom for energies for displacement amplitudes oftruction and alloy ordering by Gomyat al®’ Our calcula-
<0.5 A. tions further establish a quantitative thermodynamic incen-
Figure Xc) shows the relative energies of various or- tive for such correlations, which can be readily understood
dered 2D structures of @dngysP (illustrated in Fig. 2  from surface geometries: anions are normally second nearest

100
CP; NT1 NT2

-100

Strain Energy (meV/surface atom)
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neighbor atoms in their normal tetrahedral positions, but at
the surface they form dimers and are thus displaced towards s
each other by a sizeable amouint0.8 A each. This creates

a compressive strain on the subsurface layer atoms lying di-
rectly below the dimer rowfthe cation sitex in Fig. 1(a)],

and a tensile strain on atoms underneath the opening between
the dimer row8 [i.e., the cation site3 in Fig. 1(a)]. This
undulating subsurface strain leads to a preferérioe a
small atom(Ga) at the compressed sife¢ and a large atom

(In) at the expanded site.

We will not pursue in this letter the question of layer
stacking, i.e., 3D ordering a®) this is not essential to ex-
plain CuPf, vs CuPg ordering andb) it involves many ad-
ditional factors including surface steps that select $hb-
variantsof CuP}, or those of CuR{. Recent pseudopotential
calculation of surface formation energies versus phosphorus
chemical potentiaP suggested that only samples grown with
heavy excessive surface P atoms would have the desiéd 1
or 2x3 structural pattern. This often requires low tempera-FIG. 3. Long-range order parametgrfor (a) the 52(2x4) and 2<1 sur-
ture growth as achieved by Gomgo al®? faces(Y=third subsurface laygrand (b) the c(4x4) and 1x2 surfaceqY

. L . =second subsurface laygrespectively. A 50:50 Ga/lIn ratio is assumed.
Mor'e .elaborate first-principles total en_ergy Cal(_:UIatlonSSolid lines: first principles; dashed lines: VFF results.
on realistic surfaces support the conclusions derived here
from elastic energy calculations on model surfaces. Using a . . .
seudopotential rgnyethod we have calculated the total eges_erve to promote ordering energies. Figure 3 shows that both
P P ’ : - fhe pseudopotential and the VFF calculation predict a stron-
gies for GagngsP surfaces with realistic surface

. . : er 2D ordering for the double P laygr(4xX4) and 1x2]
reconstructions—the32(2x4) reconstruction for single P 9 .
layer 2x<1 surface and the(4x4) reconstruction for the surface than that of the single P layg#2(2x4) and 2<1]

L. surface.
double P layer X2 surface.(Realistic surfaces have larger In summary, we showed via thermodynamic energy
unit cell sizes than model gurfaces,.gnce the former haVﬁ]inimization that the orientation of surface phosphorus
surface charge compensation requiring many atprfe. dimers correlates with the type of ordering— CuPt
compare the results of the first-principles and VFF CaICUIa'Cng and a triple period ordering—in Gan, & in good
tions, we have calculated the respective order paramgter a ree;nent with F;x Eriments g 9705 9
which measures the degree of 2D ordering regardless of thad We thank A GcF))m o and.T Suzuki for useful comments
details of surface reconstructions. In particular, we group allThis work was éu o)r/ted b the Office of Ener Researcﬁ
distinct cation sites in layeY into two 2D sublattice$a} and Division of Materiz?s Scienze UsS Departmenq[yof Energy,

{B} along the ordering direction. Assuming tlegtandc are
the indium concentrations dfo} and {8}, respectively, the under Contract No. DE-AC36-83-CH10093.

order parameter is simply=c,—cg If c,=1, thenp=1,
indicating perfect ordering. If, on the other hamg,=0.5,
one would havec;=0.5, andthus »=0, indicating perfect
randomness. The mode2 and X2 surfaces are special
cases where all sites on sublattigg are identical and all >
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