PHYSICAL REVIEW B VOLUME 56, NUMBER 24 15 DECEMBER 1997-II

Theoretical investigations of As overlayers on InP110) surfaces
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As adsorption and interaction with IGPLO) is investigated by means of total-energy minimization calcula-
tions. We find that the As-P exchanged configuration has higher energy than the (AsOnEpitaxially
continued layer structurdeCLYS), for all types of As reservoirs considered. In the presence of an additional As
layer in ECLS(i.e., 1.5 ML adsorbed As however, the exchanged configuration is only slightly higher in
energy than the nonexchanged one. We conclude that the As-P exchange process is energetically unfavorable,
and should in any case not be complete at room temperature, as suggested in a recent report. Our conclusion
is supported by results of a photoemission study, including As adsorption, desorption, and redeposition,
according to which the process is nonreversif§0163-18207)05947-X]

. INTRODUCTION approximation(LDA),°~*! and performed with a modified
and extended version of fhi94ntél.For each atom, fully
Adsorption of group-V elements ofil10) surfaces of separable, nonlocal pseudopotentials are used after the for-
lI-V semiconductors has been a subject of extensive remulation of Kleinman and Bylandéf:'* These potentials are
search for many yearsMuch of the early work was focused based on free-atom calculations, solving the relativistic
on Sb adsorption, mainly because Sb was found to fornbirac-equation self-consistently='” To solve the Kohn-
exceptionally abrupt and well-defined overlayers, providingsham equatiofis® each single-particle wave function is ex-
ideal conditions fOf, e.g., SChOttky barrier investigations.panded in momentum space using p|ane waves. The Charge
Further investigations in this field have dealt with adsorptiondensity is set up using atomic pseudo-wave-functions. Fur-
of Bi (Ref. 2 and more recently also with Asaiming pri-  thermore, 18 special Monkhorst-Paclpoints were used in
marily at establishing the adlayer structure. The interest ifhe IBZ to sample the wave functions, corresponding to 144
adsorbed As has been additionally motivated by the need qf points in the full zone. The single-particle wave functions
a deeper understanding of As-substrate interaction in thgre generated by a diagonalization of the starting Hamil-
context of molecular beam epitaxy growth and surface pasgonian in a reduced plane-wave basis. In the following itera-
sivation. The exchange reaction between As and P was efions, the electronic part of the solution is achieved by a
tablished on InPL00),* and later also on INR10.° So far,  wiliams-Soler algorithm until the wave functions are stabi-
most of the detailed information concerning the adsorptionjzed. The idea is to introduce a fictive time evolution of the
interaction has been based on electron spectroscopic a'ﬂﬁoblem with time stepsst. The Hamiltonian is applied to

electron-diffraction investigations. Recently, however, thethe wave function to obtain the time-induced change,
As/InP(110 system was also investigated by means of opti-

cal methods. The results concerning the As-P exchange de- 1 ot . .

rived from these studies were found to be in conflict with Wi =Y+ stHW;+ orthonormality terms.
previous ones based on core-level photoemisSidore spe-
cifically, the optical data, supported by calculational results, In this way we avoid the diagonalization bf, which is
implied that the exchange reaction takes place at room temv-ery time consuming for large systems. Apart %rom the elec-
perature. According to earlier photoemission data, howevert

; ronic solution, atomic relaxation is allowed in order to find
the adsorbed nonreacted As layer is stable to temperaturgs, nearestlocal) energy minimum of the atomic positions.
around 250 °C. In an attempt to resolve this controversy, w

%ince each atomic movement is relatively large, the system
have performed detailed high-resolution core-level studie y jarge, y

. ! L e Ss relaxed purely by electronic iterations before the next
including redeposition of As. Our results indicate that an,:omic movement is allowed.

exchqnge reaction at room temper_ature is not possible. This The pseudopotentials were thoroughly tested on separate
experimental result, to be reported in a separate gapeyes roblems. Indium metal in the fcc structure was investigated

a reexamination of the theo_retica! predi_ctio_ns. In the_prese r a lattice constant of 4.74 A and the results were in good
paper we report a computational investigation of the 'meracégreement with Ref. 19. The bulk InP band structure was
tion between As and In&10). calculated and very good agreement was obtained with the
experimental(quasiparticleé bands. Furthermore, the lattice
constant was found to coincide with the experimental value.

The calculations reported here are based on the density-his last point is worth stressing, since lattice constants are
functional theory within the gradient corrected local-densityusually underestimated in LDA.

Il. THEORETICAL FRAMEWORK
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In order to describe the surfaces we used a large superceflaths are unknown, and our calculations only treat the static
We have investigated seven different structures and in eackquilibrium conditions, we shall assume that any As-P ex-
case the slab contained five central InP layers. For the cleathange process with adsorbed As involves the same type of
InP surfacgcase ), we added one layer on each side, result-reacting speciegthis assumption is based on the similarity
ing in a seven-layer INR10) slab and eight layers of between As and P Note also that the choice of specific
vacuum. When studying As adlayers we kept the fivespecies dictates the energies of As and P, which means that
INP(110) layers and added As layers in a symmetric way onthe different cased—VIl) must be calculated explicitly.
both sides. Case Il consists of a pure InAs layer in an epi- The relevant physical system thus contains the(148)

taxially continued layer structur&€CLS) geometry[see Fig.  SUrface, a reservoir of As in some forfto be drainey and
1(b)], while case Ill contains a single As atom in P position & Feservoir of already exchanged possibly be filled fur-

on top of the clean InR10) surface, resulting in a 0.5 ML ther).” Insme ca_lcullations we evaluate_the “surface cell en-
As overlayer[Fig. 1(c)]. Case IV is similar to case Ill, but ©€r9Y” Einp, Which is the total energy divided by the number
with 1.0 ML InAs [Fig. 1(d)], and in case V a second As of surche_cglls. We also introduce the total electro_nlc energy
atom was added, resulting in a full As layer on top of the®f the individual As and P atoms,s and Ep, taking all
InAs layer with positions chosen to match the ECLFSg. enwr_onmental effects into account. The total energy for the
1(e)]. In contrast, case VFig. 1(f)], consists of 1 ML As physical system consisting of one surface cﬁeh_ld all the
grown in ECLS on top of InPL10) without any exchange bulk layers beneajhand the As and P reservoirs then be-
reaction. Finally, we also investigated the possibility of COMES

keeping the exchanged P atom on the surface. This results in

the case VIl geometrysee Fig. 1g)] with 0.5 ML As and

0.5MLP toggther in gi ECL% olr%J top of the InAs layer. No Ef%jtrf: Elsr:jFr’er NasEast NpEp, @
other geometries with fully As/P-terminated surfaces were

considered since previous investigatidf?! have shown

that the ECLS geometry appears to be the most favorablehereN,s andNp are the(unknown numbers of each spe-
one for lllI-V semiconductors. cies in the reservoirs. In the case of As adsorption and As-P

All atomic positions except those in the midlayer of the exchange we get an energy for the surface cell and bulk
slab were relaxed. Significantly changed atomic positionsayers beneath Hifr), and a reduced - n)/increased
were noted only in the outermost layers, showing that th+m) number of atoms in the reservoirs respectively,
number of bulk layers is sufficient. The equilibrium geom-
etry was considered as established when all forces were
smaller then 0.005 eV/A, corresponding to an estimated nu-
merical uncertainty of maximum 0.05 A. ESu= ESUT o+ (Nas— N)East (Np+m)Ep. (2

A cutoff energy of 8 Ry for the plane waves was used,
which by experience has been found to give reliable values
for energy differences. To explicitly verify the validity of
this assumption, we calculated the energies gaised be-
low) from forming case Il and VII surfaces from gaseous As
and clean InP, using a cutoff energy of 16 Ry, comparin
them with the results given by the calculations gsn8 Ry
cutoff. The resulting energy differences coincided com-
pletely within numerical accuracy, thus sustaining the cur-
rent approach. In addition the atomic positions were only
very slightly changed.

To check that the thicknesses of the slabs were sufficient
in a more quantitative way, we investigated the averaged
electrostatic and total potentials perpendicular to the surface. This energy gair(or losg is physically relevant since the
We found that the potentials are bulklike inside the slab ananergies of the bulk layers now are subtracted, and the sys-
vanish in the vacuum region. This is the correct behavior iftem will tend towards the largest possible gain. There are,
the supercell is large enough, allowing the electron density tthowever, a few additional points to consider. Due to numeri-
decay completely. In Fig. 2 the potentials are displayed ircal limitations we calculated the energies of the freg &sd
the case of a smooth epitaxial 1 ML As overlayer. P, with zero kinetic energy inside a large supercell by in-

With respect to the energy calculations one must keep irreasing the cell size until convergence. For example, if we
mind the nature of the physical problem. There have recentlgonsider As moleculesE s is the total Ag energy divided
been several calculations employing an unspecified chemicély four. The missing physisorption energy introduces an er-
potential for the atom sourcé%.%* In the present calcula- ror for each atom. It is, however, mainly a scaling parameter,
tions we have chosen rather to consider different specifigvhich will cancel when comparing different adsorption mod-
molecular sources. In the actual experiniérthe InR110) els involving the same number of atoms. For models involv-
surface is exposetat room temperatujeto a flux of A,  ing different amounts of adsorbed species before and after
molecules. However, surface reactions are not likely to inteaction, the cancellation is, of course incomplete. These er-
volve these molecules directly, but rather physisorbed orors are estimated, however, to be within the numerical ac-
chemisorbed species A¢n=1, 2, or 4. Since the reaction curacy of the calculations~0.2 eV).

In the different cases mentioned above we hawem
=1 (case I), n=1, m=0 (case Il), n=2, m=1 (case |V},
=3, m=1 (case V, n=2, m=0 (case V), andn=2, m
=0 (case VI), which directly gives the energy difference
per surface cel(three first rows in Table)l

AESUT= Ui ESUT 4 nEp— MEp. )
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FIG. 1. The different surface geometries considered in the calculati@nslean InR110 surface(case ), (b) 0.5 ML As in ECLS on

INP(110 with P-As exchangécase I), (c) 0.5 ML As on InR110 without exchangécase 1), (d) 1.0 ML As on InR110) surface with P-As
exchanggcase 1V, (e) 1.5 ML As in ECLS on InP110 with P-As exchangécase V, (f) 1.0 ML As on InR110) in the ECLS without

exchanggcase V), and(g) 1.0 ML As in an ECLS structure on IiiP10) with P-As exchangécase VI). In the last case the released P is

kept on the surface. The P, In, and As atoms are represented by shiny, black, and gray balls, respectively.
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5 e S — in the cases with P desorption though.

I ] In a similar way it is easy to show that the energy gained
I ] when the system transforms from one geometry to another is
0 ] given simply by comparing the values for each column,

— \ | ] within the same rowthe physical conditions have to be the
AN 1 same. We have taken case | as our reference geometry.
S \\/ bl ; v “ lf b ‘J/ ] However, energy differences between phases are of course

v

Potential (eV)

independent of this choice. Further applications of Table |

oY [T

are simple generalizations of this line of thought.

a0 | ]
\/ [\ /\ /\U/\/ IIl. RESULTS AND DISCUSSION

T

Our results for the surface relaxation are summarized in
Table II. The relaxation of the clean IffFLO) surface, case I,
results in a buckling of 0.64 A, in good agreement with
earlier investigation§® Using the correct lattice constant,
some parameters are in better agreement with the experimen-

FIG. 2. The electrostatitdashed lingand full effective poten- tal values then in previous works**In case Il the main
tial (solid line) of the slab representative of 1 ML As in ECLS on difference is the larger buckling, 0.75 A, which results di-
INP(110) (case V.. The potentials are averaged parallel to the sur-rectly from the larger lattice constant of InAs. This result is
face and plotted vs the distance from the central atomic layer.  slightly smaller then in previous investigati&rfé (0.80 A),

mainly due to a lower-energy cutoff and also a different lat-
tice constant{Using a 16 Ry cutoff in a test rufsee Sec. )|

Although the reaction paths are unknown, as alreadyhe agreement is improved considerablyhe surface bands
pointed out, it appears likely that the reacting species is in @esulting in cases | and Il are displayed in Fig&)&and 3b).
chemisorbed state prior to the reaction. If we assume that thehe low-lying surface band in the heteropolar gap together
chemisorbed state is the fully relaxed ofwhich is, of  with some of the upper-surface bands merge into the pro-
course, not necessarily the casiien we can refer the dif- jected bulk bands. Inside the band gap only the lower occu-
ferent reacted cases to the nonreacted ones, namely, casespikd surface band moves slightly upwards; otherwise there
and VI. (For chemisorbed P we only considered the case Vllare no effects of the As-P exchange.
geometry since this seems to be the most energetically favor- Cases Ill and IV offer the most altered atomic configura-
able one, see below and Table I. Several other possible gé&eon with the second layer significantly relaxed outwards and
ometries with exchanged phosphorus kept on the surfacéme terminating As atom positioned nearly in between the
were also investigated, but all turned out less favorableP/As and In atoms beneath. The atoms in the second layer of
Phosphorus on the surface is, however, not a true “P resetaP/InAs also move away from each other parallel to the
voir,” since all the available P atoms are derived from thesurface and consequently the buckling from case Il vanishes.
initial INP(110) surface. Thus, case VIl is treated as any other The three fully As/P-terminated surfaces, cases V-VII,
geometry in Table ). The energy gains relative to these are very similar to each other. The buckling is reduced to
chemisorbed configurations can be extracted directly fromabout 0.1 A and the second layer is almost bulklike concern-
the first three rows in Table I, and are listed in rows 4 and Sng the atomic positions, regardless of it being InP or InAs.
of Table I. The dependence on the P reservoirs still remain€ase VI is in good agreement with previous restftshile,

-20
-30 -20 -10 0 10 20 30
. Bohr

TABLE I. The energy gain of the complete physical systehs reservoir+P reservoit-InP(110) sur-
face] divided by the number of surface cells. Calculational details and discussion, in Secs. Il and I,
respectively. The numerical accuracy is estimated-t2 eV.

Case IV Case V Case VI
Case ll Case lll As As As Case VI As P
InAs As InAs InAs As As InAs
Type of Reservoir InP InP InP InP InP InP
As(gas phasgP —-0.44 4.80 4.30 10.25 10.95 10.58
As,(gas phasgP, 0.15 0.67 0.76 2.58 2.70 2.32
As,(gas phasgP, 0.08 -0.12 -0.10 0.93 1.11 0.74
As(Case IIF)/P —-5.24 0.00 -5.30 —-4.15 1.36 0.98
As(Case IIB/P, —-0.52 0.00 —0.58 0.57 1.36 0.98
As(Case IIB/P, 0.20 0.00 0.14 1.29 1.36 0.98
As(Case V/P —-5.92 —0.68 —6.65 —6.18 0.00 -0.37
As(Case VB/P, —-1.20 —0.68 —-1.94 —1.47 0.00 —-0.37
As(Case VI)/P, —0.48 —0.68 —-1.21 —-0.74 0.00 —-0.37

8Normalized to the number of As atoms.
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TABLE Il. Structural parameterén A) for the surface relaxations as defined in Fig&)21(b).

Case Ay Ayy Agy Ay Ay Az, Ay dis dioy

| 4.63 0.64 0.10 2.06 1.59 3.34
Il 4.57 0.75 0.12 2.04 1.59 3.32
1] 1.94 2.09 0.07 231 1.20

\ 1.74 2.17 0.07 2.35 1.21

\% 4.35 0.12 0.09 2.12 2.00 3.04
\4 4.35 0.15 0.06 2.09 1.94 3.09
Vi 4.36 0.02 0.08 2.14 1.97 2.97

to our knowledge, cases V and VIl have not been investi€lectrons/atonisee Fig. &)—3(e)]. These bands originate

gated earlier. Comparing with cases | and II, two new surfacérom the localized states of the adsorbed As/P atoms and the
bands above and below the lower projected bulk bands amnion in the second layer. The three band structures are in
pear with the introduction of a layer with five valence remarkable agreement with each other, and differ only sig-

nificantly in the heteropolar gap alodgM, and in the stom-

ach gap, where a new band appears for the case VIl geom-
etry. This suggests future experimental studies in these
regions. The lowest bulk bands appear to be slightly shifted
upwards due to the relatively low cutoff used.

The energy gains/losses have been calculated according to
the method described above for different types of As and P
sources, see Table I. Assuming that the exchange process
starts from the fully relaxed chemisorbed structure with a full
As overlayer, we thus see that all energy gain values in Table
| are negative. Note, however, that the large negative values
for cases Il, IV, and V when using reservoirs of chemisorbed
As (rows 4—9 are mainly due to the desorption of P in
atomic or molecular form. When keeping the P on the sur-
face, case VII, the energy gains no longer are affected by this
and the value becomes independent of the choice of P reser-
VOir.

When taking the possible errors into account, cases V-
VII are degenerated within numerical uncertainty for the
As-P and case lll-Pcombinations and nearly degenerated in
the remaining combinations as well. In absolute numbers
however, case VI is the most stable geometry for all combi-
nations of reservoirs. These results are supported by recent
experiments, according to which no exchange interaction oc-
curs without thermal activation at around 60 icurther-
more, according to these experimental data the exchange is
far from completdi.e., significantly less than one monolayer
P is replaced by As The partial exchange would then prob-
ably be due to a Boltzmann-like population process, and thus
the 1 ML As in an ECLS on InA10 is the true ECS in
contrast to the result reported in Ref. 6.

T X M X T

Energy (eV)

IV. SUMMARY AND CONCLUSIONS

We have performedab initio calculations in order to
study the interaction between As and (2P0), with empha-
sis on possible As-P exchange. Our investigations resulted in
three configurations with nearly the same total energy. In the
simplest case, the As is deposited as a single monolayer on
top of the InR110) surface. In terms of the average energy

FIG. 3. The surface projected bulk electronic stasmdowed Per As atom this situation is preferable. Considering the
regions and surface stategbold lineg for the different surface cases with the surface layer P exchanged with As, forming
geometries considered in the calculations. The notati@rgg) are  one monolayer InAs on top of I{P10), and an additional
explained in Fig. 1. layer of As, or As and P, we find that all such configurations
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have higher energy than the 1 ML As on [AR0). However, ACKNOWLEDGMENTS
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