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Ab initio calculation of binding and diffusion of a Ga adatom on the GaAs(001)-c(4x 4) surface
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We have investigated the diffusive behavior of a single Ga adatom on the GaA<{({D%) surface by
means of the local-density approximation and the all-electron projector augmentedRy¥a¥ method. The
ground-state geometry of the GaAs(1Qf{} < 4) surface is determined using PAW and is found to agree with
experiment and previous calculations. The binding energy for a lone Ga adatom on this reconstruction is
calculated as a function of surface position. Based on these data we have identified three relatively stable
adsorption sites. In order of increasing energy these sites are site 1 at the center of the missing dimer position;
site 2 between the dimer rows and adjacent to a center dimer; and site 3 between the dimer rows, adjacent to
an edge dimer. The surface diffusion activation energies have also been identified; the smallest is 0.14 eV for
the 3— 2 transition, and the largest is 0.45 eV for3. Kinetic Monte Carlo simulations incorporating these
data indicate that diffusion on this surface takes place primarily through diffusion pathways that pass through
the strongest binding sitésite 1). This site effectively controls diffusion in directions both parallel and
perpendicular to the dimer rowgS0163-18208)07627-9

I. INTRODUCTION approximations designed to produce a final simulation that is
in reasonable agreement with the known growth morphol-
We present the results of @ initio investigation of the ogy. As a result, current lattice Monte Carlo simulation pro-
behavior of an adatom on a semiconductor surface. Morgrams are more useful as qualitative guides than as quantita-
specifically, we compute the energetics of the diffusion of ative predictors>* On the other hand, Monte Carlo techniques
lone Ga adatom on the GaAs(106)4<4) reconstructed are capable of modeling, however imprecisely, the
surface. From a practical perspective, as the dimensions oholecular-beam epitaxyMBE) deposition of several com-
semiconductor devices continually decrease, the need for alete monolayers. If the relevant kinetic Monte Carlo param-
better understanding of the processes that occur on surfaceters could be determined, then a well-constructed kinetic
during device growth becomes increasingly acute. In particuMonte Carlo algorithm would yield quantitative accuracy.
lar, detailed knowledge of surface diffusion processes on the One of the purposes of this study is to expand the predic-
c(4x4) surface reconstruction relates directly to the manutive capabilities of kinetic Monte Carlo simulations by using
facture of nonstoichiometric GaAs films. ab initio technigues to generate diffusion parameters. Several
In recent years, in an effort to guide the development ofgroups have conducted similar calculations for the
thin-film growth technology, a number of groups have madeSi(001)-(2<1) and the GaAs(001)-(24) reconstructed
theoretical studies of vapor phase epitixynfortunately, surface> Unfortunately,ab initio simulations, while capable
most current models require the knowledge of a large numef high accuracy, are so computationally demanding that
ber of input parameters whose precise values are difficult tonly simulations involving rather small systefiwn the order
determine via experiment. For example, lattice Monte Garlo of 100 atomgover very small timega few picosecondsare
simulations require that the desorption, adsorption, and sueurrently feasible. Here we do not attempt an actual simula-
face diffusion energetics be understood at the atomic feveltion of growth but instead calculate the self-consistent poten-
However, the values of the relevant activation energies aréial energy surface for a single isolated adatom. An analysis
generally not known accurately. In the absence of good exef this data will yield the diffusion activation barriers for the
perimental data, Monte Carlo theorists often resort to rougldilute (low adatom concentratigrcase.
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Il. DETAILS OF THE CALCULATIONS

All ab initio calculations in this study were done using the
projector augmented wavéPAW) method® The PAW
method is a new formalism that combines features of both
the augmentation method®.g., linear augmented plane
wave (LAPW) (Refs. 7 and 8 and the pseudopotential
method® Like the LAPW method, the PAW method uses a
mixed basis set incorporating both plane waves and atomic
wave functions. However, unlike the LAPW method, the
PAW basis set includes an additional setpsleudatomic
wave functions, which are the solutions of Sdfirmer's
equation for goseudizedtomic potential. The use of atomic
wave functions in the basis set allows us to deal naturally
with d and f orbitals, while the pseudo-atomic wave func- E 85 5 & 5 85 5
tions provide a convenient mathematical bridge between the @ As (top layer) O As (2nd layer)
plane waves and the atomic wave functions. PAW is imple- O Ga (third layer) © As (4th layer)
mented in the context of standard density-functional theory
and uses the local-density approximation. The exchange- FIG. 1. Top(above and side view(below) of the calculated
correlation potential is approximated by the Perdew-Zungegeometry of the GaA901)-c(4x 4) surface. Two unit celléeach
parameterization of Ceperly and Adler's didla.The bounded by a wide gray linere shown for reference. The positions
Car-Parrinelldt~** molecular dynamics algorithm is used to of the three calculated Ga bonding sites are indicated by the num-
determine the electronic structure and ionic geometry. Furbered squares.
ther details of the PAW method can be found in Ref. 6.

Although the PAW method is a fairly recent innovation, at & binding site or at a saddle point between binding jsites
the method has been used successfully in a number ofE is set to 0.01 mH? If the energy fluctuations during a
studies®*® Additionally, a recent comparison study con- zero-friction run are greater thasg, then the simulation is
cluded that the structural properties of several representativgiarted up again, this time with a small constant friction. This
covalent, ionic, and metallic materials were calculatedlow-friction simulation is allowed to continue until the fluc-
equally well by the PAW, LAPW, and pseudopotential tuations in the total energy settle down to less ti#n A
methods® In order to test the reliability of the particular further zero-friction run follows, and this low-friction/zero-
gallium and arsenic basis set parameters used in our Stud&FthiOl’l procedure repeats until convergence is confirmed. In
we calculated both the equilibrium lattice constant for bulksome especially difficult cases, the total simulation time has
GaAs and the ground-state geometry of the GaAsxceeded 1000 iterations. As a final check on convergence,
(001)-c(2% 2) reconstructions. In both cases, the agreemerihe forces at the end of the simulations were examified.
with the available experimental and theoretical data isGround-state geometries for the surface-adatom system when
good?°-22 the Ga adatom was at a binding site or at a saddle point

The first step in the surface calculations is the determina€xhibited residual forces of less than 0.02 eV/A.
tion of the electronic structure of the initial geometry. Once  The geometry of GaAs(0019¢4< 4) structure is shown
this has been done, the atoms are released from their fixdfl Fig. 1. The plane-wave cutoff for the wave functions is 10
positions and allowed to move under the influence ofgche RY. Thek-point integration is performed usingk4points in
initio calculated forces. In all cases, the iteration time steghe plane of the surface. Written in terms of the two-
was 10 atomic unit$0.24 f9. Initially, an automatic anneal- dimensional(2D) reciprocal lattice vectors of the(4x4)
ing routine is used to optimize the geometry. If the totalsurface unit cell, these points ai&0), (1/2,1/2, (1/2,0, and
energy of the system increases during the simulation thefP,1/2. Table | gives convergence data with respect to
this annealing routine turns on a large effective friction.vacuum spacing, slab thickness, plane-wave cutoff, and
When the total energy starts to decrease, a small amount stimber ofk points for the GaAs(001§{4x4) structure.
friction is applied and this amount is reduced after each sucBased on these data we estimated the error in the difference
cessive iteration during which the total energy decreasedetween total energies of different structures to be on the
This run ends automatically when the total energy changesrder of 25 meV.
by no more than 10° hartree over 10 iterations. After the
autqmatic annealing procedure has finis.heq, a zero-friction GaAs (100-c(4x 4) RECONSTRUCTED SURFACE
run is conducted for a total of 1000 atomic time urig fs
or 100 iterations The purpose of this zero-friction runisto  The GaAs(100)(4x4) surface was chosen for this
verify that the automatic annealing procedure has nostudy for three reasons. First, surfaces growing in the
stopped the simulation prematurely. In general, if the totak(4X4) regime typically exhibit rough morphologies and do
energy shows a variation of less than an energy convergenemt produce the reflection high-energy diffraction oscilla-
criterion SE during a zero-friction run, then the total energy tions seen during the growth of smooth epitaxial layers. This
is considered to be converged. In most cagisjs setto 1  makes thec(4X4) surface a model candidate for the calcu-
mH. However, during particularly critical calculatiofsuch  lation of improved MBE simulation parameters.
as the determination of the total energy when a Ga adatom is Second, this reconstruction has an extremely high As con-
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TABLE I. Convergence tests for the calculation of the relative binding energies of a Ga adatom on the
GaAq100-c(4x4) with respect to the system size parameters: slab thickness, numbkeyodfts, plane-
wave cutoff, and vacuum spacing between the superslabs. In the main calculation the parameters used were:
(1) 10 Ry plane-wave cutoff?2) four k points, (3) vacuum spacing of 9.5 A, ar@) four-layer-thick slab. In
terms of the 2D reciprocal lattice vectors of thgtx 4) cell, the fourk-point set is(0,0), (1/2,1/2, (1/2,0,
and(0,1/2. The larger 1&-point set was obtained by quadrupling the area of the original unit cell. Time-
reversal symmetry reduces the original set of 16 to (000), (0,1/4), (0,1/2, (1/4,0, (1/4,1/4, (1/4,1/2,
(2/2,0, (1/2,1/9, (1/2,1/2, and(1/4,-1/4. AE, is the difference between the adatom binding energy at two
different sites on the surfacé(AE,) is the change in the calculatédE, that results from an increase in a
given system size parameter.

k points Vacuum spacing Slab thickness Plane-wave cutoff
4 per BZ— 16 per BZ 6.9 A-95A 4 layers— 8 layers 10 Ry— 20 Ry

S(AEy) 4 meV 4 meV 11 meV 21 meV

tent. In fact, this reconstruction is known experimentally toreconstructions were taken from the available experimental
occur only under conditions of high As overpressti®  and theoretical data. In the case of the G@A84)-c(2X 2)
Films grown in this regime have an excess of 1-2 %*As. reconstruction, initial coordinates were supplied by Froffen.
Such films have a couple of interesting properfe€.They  For the GaA&01)-c(4x 4) reconstruction, the STM data of
have very high resistivity, making them ideally suited as agjegelsenet al?® was used as a rough guide for the initial
substrate since this high resistance nearly eliminates interagmometry.

tion between neighboring devices. This allows for much in-~ pyigr to the main series of simulations, we first optimize
creased deyi(_:e density. Also, As-rich GaAs films have excelg,q geometry of the terminating Gal@®1)-c(2x 2) surface,

lent crystallinity and good surface morphology so subsequeny, 5 °separate series of calculations. The initial geometry for
GaAs layers of high quality can be grown on top of thesethese simulations is a seven layer slab capped on both sides

films. Thec(4X4) reconstruction is quite large. As a result, I
the calculations provide a large-scale test of both the theolgy an initial guess for the geometry of titg2> 2) recon

retical method PAW) and of the robustness of its computer struction. The total height Of. théslal +(vacuum layer is
implementation. 14.125 A. The transverse lattice constants are taken to be the

Our strategy for determining the diffusion characteristicsb”|k lattice constant. Once the electronic ground state had

of a Ga adatom on the(4x 4) surface is straightforward. been calculated for the initial geometry, all atoms in_ _this
We begin with a simple repeated slabuperslab model system are aII_owed to_ relax _to_thelr ground state p05|_t|ons.
composed of a vacuum region and a few atomic layers ofPnce determined, this optimized(2Xx2) geometry is
GaAs. Our particular unit Ce” iS Composed of five atomic grafted onto the bottom surface of the unit cell used in the
layers of GaAdeight atoms in each layecapped on the top Main series of calculations. In the main series of simulations,
by six As atoms and on the bottom by four Ga atoms. Théhe 12 atoms(1 ML of As and ; ML of Ga) in the
vacuum region is about 6 ML thick. The six As atoms on thec(2X 2) terminating surface are held fixed in their equilib-
top of the slab form the three surface dimers seen in the&ium positions. The geometry of the Gal@81-c(4X 4) re-
c(4x% 4) reconstruction while the four Ga atoms on the bot-construction is calculated using the same techniques as those
tom side of the slab form the outermost layer of(@x2)  for the terminating GaA®01)-c(2X 2) reconstruction.
reconstructed surface. The non-polar and semiconducting Next, an adatom is introduced at a positiony) above
c(2X2) reconstruction is used to passivate the bottom sidéhe surface. Within the constraint that they) coordinates
of the slab. The total height of the unit cédlrystal slab and of the adatom be held fixed, all atoms except those in the
vacuum layer is 16.95 A. The transverse lattice constantsterminatingc(2x2) layer are allowed to settle into their
are taken to be equal to the experimental bulk latticeequilibrium positions. By repeating this procedure for 41
constant? points within the real-space irreducible zone of the surface,
Such a unit-cell geometry will model the real surface ac-we map out the total energy of the structure as a function of
curately only if the bottom and top surfaces do not interaciadatom positionE ga0n(X,Y). The 41 points in the sampling
strongly with each other. This condition can usually be met ifgrid form a rectangular grid with a spacing of slightly less
the bottom surface has the following characteristics. Firstthan 1 A. The principal results of owb initio calculations
the surface should contain no partially filled bonding orbit-are shown in Fig. 2. The energy surface shown is a cubic
als, which might result in hard-to-predict effects on the elecspline fit to the original data. The density of points on the
tronic structure of the complete structure. Second, the surfadaterpolated map is nine times the density of the original
must be nonpolar in order to lessen electrostatic interactionsiap. The interpolation is constrained so that coincident
between surfaces. ThE2X 2) reconstruction satisfies both (x,y) points on the original and interpolated maps have the
these conditions. In addition, it has the added feature that it isame energy value.
a very shallow reconstruction; the atoms immediately below Of course, the true minima of the potential energy surface
this reconstructed surface are very close to their bulk equido not in general fall on the original grid points. To produce
librium positions. the correct binding energies and sites, we placed the adatom
The initial geometries for both the(2X2) andc(4x4) near the suspected binding sites and let it relax uncon-
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FIG. 2. (Color The energy of a Ga adatom on
the GaA$001)-c(4x4) reconstructed surface as
a function of position. We investigated the behav-
ior of an isolated Ga adatom on the G4@&1)-
c(4%x4) surface. Shown below is a schematic
diagram of a GaA®01-c(4%x4) unit cell. In
this diagram the larger atoms are closer to the
surface. The diagram above shows the potential
energy of a Ga adatom as a function of position
on the surface. The contour lines on the three-
dimensional rendering correspond to those on the
two-dimensionalcolor-coded contour graph be-
low. The interval between contour lines is 50
meV. The location of the bonding sites can be
deduced directly from this diagram. The bonding
sites are labeled in order of decreasing bond
strength. The most favorable bonding Sisée 1)
is located at the corners of the unit cell. Activa-
tion barriers to diffusion can be determined from

-3.1-2.9 -2.7 -2.5 -2.3 -2.1 -1.9 -1.7 -1.5 this greph

3 /{J/‘l &As (dimers)

10

strained. The resultant sites are indicated in Fig. 1. Withpoints between the binding sites. The saddle painbe-
respect to the energy of a system composed of the surfageieen sites 1 and 2, has an energyEfi.ion= —2.70 €eV.
plus anisolatedGa atom, the energy of the surface-adatomThe saddle poinb, between sites 2 and 3, has an energy of
system when the adatom is bound at site 1 BSyfion™ Eadaton= — 2.40 eV.

—3.04 eV). Site 1 is at the center of the missing dimer po-
sition. The energy at site thetween the dimer rows and
adjacent to a center dimes E ,q,i0n= — 2.85 €V. The energy
at site 3(between the dimer rows and adjacent to an edge In principle, the energy surfadg,qqon{X,y) contains all
dimen is E,gaon= —2.54 €V. the energies of the saddle the important physics of surface diffusion. A simple analysis

IV. MONTE CARLO ANALYSIS
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TABLE II. Activation energiesAE; ;, and hop rates;; ¢, for Results of Kinetic Monte Carlo Simulation
the transitions from bonding siteto bonding sitef. The activation

energyAE; ; is the difference between the binding energy at the 0.008
initial site E; and the binding energ¥L' . at the saddle point
between the initial and final site&E; ;=Egyqe~ E; - SinceE;is g slope/4 = diffusion constant = 1.74 10" em’/s
generally not equal t&;, the activation energy for a hop from site & 0006 F— | .=
i to sitef is generally not equal to the activation energy for thehop § | | =
going the other way. This explains wiyE, , is not equal tAAE, ;. § __________
Hops from site 1 to site 3 and vice versa are excluded because thes 2 o o0 | R .
sites are not adjacent. Parameters for Monte Carlo simulations using ~ |  __=F — |Ito dimers
, . . . . o | === e 1 to dimers
Vvedensky’s harmonic oscillator approximatiomyE& 2kT/h) are £ =22 " linear fits
shown. =
§ 0.002
Hop Activation energy Hop rate in uTltEs (/):T%'(B71 E | slope/4 = diffusion constant = 1,66 10 cm’/s
i—f AEi'f (eV) ri'f:V()e_ if
1-2 0.33 5.4 00005 0.6 0.7 08 09 1.0
2—1 0.15 510 milliseconds
g_g 8‘112 (;433 FIG. 3. Plot of mean squared displacement of the Ga adatom vs
b .

time. The results of our kinetic Monte Carlo simulations are shown.
The mean squared displacemefatveraged over 2000 runss

of such an enerav surface vields the surface diffusion activa§hown as a function of time. The diffusion coefficient is equal to the
9y y lope of the linear fits to the dataotted line divided by i (d

tion energies. These energies are simply defined as the dii—

f b . bondi d eing the dimension of systgnmNote that the diffusion coefficient
erence between an energy minimganbonding energyan in the direction perpendicular to the dimer ro@®s is very close to

a neighboring saddle point. Once determined, the activatiofye yajye for the diffusion coefficient in the direction parallel to the
energies can serve as input data for a kinetic Monte Carlg;mner rowsD; .

simulation, which in turn can produce effective diffusion co-

efficients and/or effective migration velocitie_s. The_kine_tig pendicular to the dimer rows. In the algorithm used here we
Monte Carlo model makes two key assumptions. First, it iSyssume that the Ga adatom sits in one of the three sites 1, 2,
assumed that th_ermal equilibrium exists betwee_n the ad_atog} 3, as specified above. The adatom can only make those
and the underlying surface, and second, that MICIOSCOPIC Ii0ps specified in Table II. In our simulations, we chose a
versibility (the principle of detailed balanpeholds™ In  {emperature consistent with that used in the low-temperature
Monte Carlo the migration of an adatom is modeled as growth of GaAs: 473 K. Figure 3 shows the results of a
discrete site to site hopping process in which the rate for ginetic Monte Carlo run performed using=2kT/h. These

hop from a given initial sitd over a potential barrier to a egyits indicate that Ga adatom diffusion on this surface at
final sitef is assumed to have the Arrhenius form 473 K is essentially symmetric with a diffusion coefficient
AE; (/KT D= 1.66x 102 cn/s for motion parallel to the dimeriza-

' tion direction andD, =1.74x10 8 cnm?/s perpendicular to
HereAE; ¢ is the activation energy, i.e., the difference of thethe dimerization direction. The apparent symmetry of diffu-
relative binding energies at the initial si&g and the binding sion is somewhat surprising considering the significant
energyE's';dd,eat the saddle point between the initial state asymmetry of the original Ga adatom potential energy map.
and the final staté. The attempt frequencies, are, accord- However, a close examination of the routes for parallel and
ing to transition state theory, related to the phonon modes gterpendicular diffusion yields the explanation. If an adatom
the binding sites and at the saddle points; however, it's comis to hop from a site of type 1 to any of the four nearest-
putationally expensive to calculate these attempt frequencigieighbor type 1 sites, it must first execute the three hops 1
from first principles?® Because the relevant phonon modes— 2—3—2. However, having arrived at site 2, the adatom
are not expected to vary much from site to site while thecan either go to site 1 or site 3. Since the-2 barrier is
exponential terne~2&i.t/<T can easily vary by several orders about 1/3 the height of the the-23 barrier, at 473 K the
of magnitude, we can approximate the attempt frequency agdatom is about 1500 times more likely to hop into site 1
a site-independent constant without fear of losing the basiéthe hopping rates arer,;=510X 10° s and a3
physics of the system. In this work we use Vvedensky's=0.33<10° s 1). And since the path between site 1 nearest
harmonic oscillator approximation for the attempt frequency:neighbors is at an angle of 45° to the dimer rows, the se-
vo=2kT/h, wherek is Boltzmann’s constanty is Planck’'s quence 1»2—3—2—1 takes the adatom the same distance
constant, and is the temperature in kelvit?. At 473 K this  both parallel and perpendicular to the dimer rows. The result
formula yieldsvy~2x 10** s™1. Most kinetic Monte Carlo is isotropic diffusion despite the anisotropic Ga adatom en-
models for surface diffusion and/or growth use similar site-ergy map.
independent approximations for the attempt frequerfcies. It's important to note that the absolute values of the cal-

Table 1l shows the activation energies for the transitionsculated diffusion coefficients are not expected to be particu-
from bonding site to bonding site. Using these data, we ran &rly accurate due to the uncertainty of some of the underly-
kinetic Monte Carld simulation and have determined the ing assumptions used in the kinetic Monte Carlo simulation,
adatom diffusion coefficients in directions parallel and per-e.g., the use of site-independent attempt frequencies obtained

ri’f:V0€7
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using Vvedensky’s harmonic oscillator approximatidn. tion using our calculated data showed that this is not the
However, since the physics of the Ga adatom diffusion doesase. In actuality, the Ga adatom is much more likely to fall
not depend sensitively on the details of our Monte Carlointo the well at site 1 than to continue along the trough
model, this should not have much of an effect on the basibetween the dimer rows. As a result, Ga adatom diffusion on
diffusion mechanism. Whatever reasonable approximationthis surface is surprisingly isotropic.

are used, the dominant diffusion pathways will continue to
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B3M.C. Payne, M.P. Teter, D.C. Allan, T.A. Arias, and J.D. Joan-  than experiment, see Ref. 2Rittice constants. The energy dif-



PRB 58

2The total energy of the the complete struct(sarface plus a Ga

ference between sites 1 and 2 changed by only 10 meV, well
within chemical accuracy25 me\).

cutoff of 10 Ry, the experimental lattice constant, and the
k-point set used in the main calculation, we were able to dupli-
cate the geometry supplied by Froyen. Froyen’s calculations
were performed using the same plane-wave cut@fi Ry).
However, whereas our calculation was performed using the
PAW method, Froyen used the pseudopotential method
(Vanderbilt pseudopotentiglsFroyen also used a significantly s
different lattice constan4% less than the experimental value
More detail of Froyen’s calculation can be found in J.E. Ber-
nard, S. Froyen, and A. Zunger, Phys. Revd8 11 178(1991).

In terms of reduced coordinatéhe raw coordinates divided by 27
the lattice constants used in the respective calculations co-
ordinates deviated from those of Froyen by 0.6% on average.
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adatonm) varies over a range of 1.44 eV, depending on the posi-
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activation barrier(0.14 eV for the 3-2 hop.

2*Many researchers terminate their simulations when the forces on
22private communication with Sverre Froyen. Using a plane wave

the atoms fall below some pre-established smallness criterion
SF. However, the value below which a force can safely be con-
sidered to be negligible is intimately connected to the phonon
spectrum and as such varies from system to system. By conduct-
ing a zero-friction run over a suitable time period, it can be
directly verified that the system remains in tliguspected
ground-state configuration.
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