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Structural, electronic, and dynamical properties of S{110) capped with a monolayer of GaAs
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Using a first-principles pseudopotential technique, we have presented structural and electronic properties of
the S{110 surface capped with a monolayer of GaAs. These results are further used to investigate the
phonon-dispersion curves and the phonon density of states of the system. Both an adiabatic bond-charge model
and a linear-response scheme to aheinitio pseudopotential method have been employed for the study of the
phonon properties, and the results obtained from the two methods are compared systematically. The surface
acoustic-phonon modes of this system have energies similar to those on the cledahl@eg\sface, while the
highest surface optical-phonon mode of this system lies at a higher energy than the corresponding mode for the
clean GaA&l10 surface. These and other similarities and dissimilarities between the GeA$§)Sand
GaAg110 surfaces are discussed and explained.
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[. INTRODUCTION tural, electronic, and dynamical properties of GaA& 80
are presented and discussed. We have used our calculated
In recent years a great deal of effort has been devoted ttructural and electronic results as input to further calculate
the study of the growth of GaAs on Si substrates. The reasotfie vibrational properties of this system. This we have
for choosing this study is that GaAs and Si are very imporachieved at _two different levels. On one _hqnd we have em-
tant in semiconductor technology, and understanding theiPloyed the linear-response approach, within the pseudopo-
structural, electronic, and vibrational properties will help totential theory and the local-density scheme, using the com-
understand their many varied applications in devices. FoPuter code discussed in Ref. 24. On the other hand we have
example, Si can be used in electronic devices such as diog&sed the surface structural and electronic information to set
and transistors while GaAs is a very good choice for opticatP and solve the dynamical matrix within the adiabatic bond-
devices(lasers, light detectoysiue its direct band gap. Con- charge model. This choice was made in view of the fact that
sequently, the structural and electronic properties of GaAs offlis model takes significantly less computational effort and
Si(111) (Refs. 1-3 and S{001) (Refs. 4—7 surfaces have time to calculate the full dispersion relation and the density
recently attracted a great deal of attention. of phonon states, and has previously been successfully ap-
In contrast, however, relatively less attention has beemlied to the Si001) (2x1) (Ref. 15 and IlI-V(110
paid to the growth of GaAs on the(SL0) surface because of Surfaces®’ The results obtained from the two theoretical
difficulties in preparing a clean @i10) surface. However, Mmethods also allow us to compare the phonon-dispersion
the last few years have witnessed substantial progress in egLrves fromab initio and bond-charge modéBCM) calcu-
perimental studies of the clean (810 surfac&® and the lations in detail. In addition we have compared the surface
deposition of metal monolayers on this surfa%eTo date, Phonon modes on the GaAs(8L0) surface with those on the
properties of the adsorption of a single monolayer of GaA$3aAg110 surface obtained previously from both thk ini-
on S{110 have been only studied by Rodriguez andtio (Refs. 18,19and BCM(Ref. 16 calculations.
Takeuchi** From their first-principles calculatiort§, they We have found that the zone-center phonon modes iden-
have shown that the most stable configuration corresponds tiied for the clean GaAd10) surface can also be observed
the GaAs monolayer adsorbed on top of th€180) sub- for the GaAs:Si110 surface. We have also observed that
strate. This model has a relaxation pattern similar to the Il1surface phonon modes with energies higher than 40 meV are
V(llO) surfaces: As atoms move away from the surface, Génalnly localized on the second- and third-layer atoms due to
atoms move within the surface. As result of this similarity, the large mass difference between Si and(@aAs) atoms.
the ab initio calculation$® revealed that the structural and Displacement patterns for a representative selection of pho-
electronic properties of GaAs(&iL0) and clean GaA410) non modes with both theoretical models have been presented
surfaces are similar. In fact, the most striking difference beat the zone center and zone edges.
tween these surfaces is the mass difference between Si and
Ga(or As) atoms. Thus, surface lattice dynamics can be used Il. THEORY
as a potential tool for characterizing the GaA&1%0) sys-
tem. In addition, knowledge of dynamical properties will be
useful in understanding surface reconstruction, phase transi- Our calculations were performed in the framework of the
tion, and the relaxation process of electronically or vibra-density-functional theory, within the local-density approxi-
tionally excited states. mation using the Ceperley-Alder correlatf8nas param-
In this paper, results oéib initio calculations for struc- etrized by Perdew and Zungerlon-electron interactions are

A. Ab initio pseudopotential density-functional theory
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FIG. 1. (a) Schematic relaxed side view of
GaAs:S(110. (b) The electronic charge density
for the occupied dangling-bond state.

(b)

treated by using norm-conserving pseudopotentfalhe  described in our previous works-'” The interactions in-
wave functions were expanded in a plane-wave basis set wittluded in the BCM are the Coulomb interaction between all
a kinetic-energy cutoff of 12 Ry. Relaxation of atomic and particles including ions and bond chargéCs) (ion-ion,
electronic degrees of freedom was achieved by solving th&on-BC, and BC-B(, a central short-range interaction be-
Kohn-Sham equations. We considered an artificially contween the nearest-neighbor particles, and a bond-bending in-
structed periodic geometry along the surface normal directeraction involving the BC-ion-BC angle. In order to be able
tion. The length of the unit cell was equivalent to 19 atomicig stydy lattice dynamics of GaAs($IL0O surfaces, we ap-
layers. The slab contained 13 layers of Si atoms, and Wajiaq this model within a repeated slab scheme. Our super-
layers of GaAs which were placed on the top and bottom Otg| \as of same size as used in i initio calculations,

the silicon slab. All atoms were allowed to refax into their yoqoribeq in the previous subsection. Our relaxed unit cell
minimum-energy configuration, except for the atoms in thecontained 30 ion€26 Si, 2 Ga, and 2 Asand 60 BCs. The
migjdle of the slab which were kept frozgn. Four spekial BCs between Ga and ,Si ato,ms were displaced towards Si
points were used for sampling the irreducible segment of th%toms, dividing a bond in the ratio 3:4 while the BCs be-

Brillouin zone. tween Si and As atoms were displaced towards As atoms,

The phonon—.dispersi.on curves havg been obtain(.ad.by aQﬁviding a bond in the ratio 4:5. The positions of the dangling
plying the density-functional perturbation scheme within theBCS were determined from the maximum in the valence-

pseudopotential theof,using the computer code dISCusswelectron density plot obtained from our density-functional

in Ref. 24. The dynamical matrices were calculated for thecalculations(see Fig. 1 The second derivatives of the cen-

relaxed atoms in the supercell by dete_rm_lnln_g the static I|n-,[¥al ion-ion and ion-BC potentialsé(’) involving surface
ear response of the electrons for periodic displacements g " _ .2 2 "

: S e : .~ _atoms were scaled a® =rpundr P where
the atoms from their equilibrium positions. One-dimensional q q tsutrrf]ace b“'.kt é“”g}f thbu”(’l five di
Fourier interpolation has been used to obtain phonon dispeggge‘:nbgtsugg;e aerrt]'(;lgs € magnitude € relative dis-
sions along the main surface symmetry directions. In particu- W part '

lar, we calculated the dynamical matrix at figgoints along
each of thel’-X andI'-X" directions. lIl. RESULTS
B. The adiabatic bond-charge model A. Structural and electronic properties

As the second theoretical model for surface phonon cal- The calculated structural parameters of the GaA$18)
culations, we employed Weber’s adiabatic BCREef. 25 as  surface, defined in Fig. 1, are listed in Table I. The results

TABLE |. Structural parameters, defined in Fig. 1, for a monolayer of GaAs @i

aRd) Ay (A Ay (A Ay (A) dpy (A) diy (A) w (deg)
Present 5.41 0.66 4.15 -0.04 151 3.10 27.6
Reference 14 5.3 0.62 4.17 -0.02 151 3.08 26.0
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FIG. 2. The electronic structure of the GaA$13i0 surface. FIG. 3. The dispersion of phonon modes on GaA4:Bj). The
The projected bulk spectrum is shown as hatched regions. The suresults for surface phonon modes are shown by thick lines while the
face localized states, occupied as well as unoccupied, are shown Ipyojected bulk phonon energies are shown as hatched regions.
thick solid curves.

louin zone. The highest occupied state lies slightly above the
follow the trend observed for the clean Gd&%0 surface. bulk valence-band continuum annth-T and is made of the

The surface layer As atoms move away from the bulk ing 3 jive orbital of the dangling bond at the surface arsenic
favor of ans?p® bonding with three neighboring atorfisne P ging

. L ; atoms.
Si and two Ga atoms resulting in a pyramidal geometry.
The surface Ga atoms move into the bulk in favor ofsg
bonding with three neighboring atontene Si and two As B. Dynamical properties
atoms. In general, our structural parameters are in agree- o
ment with the recerab initio calculations by Rodriguez and 1. Ab initio results

Takeuchi* In particular, our calculated tilt angle of the top  The phonon spectrum for the GaAg®&Ii0 surface is
surface layer at 27.6 ° can be compared with that at 26.0 ° ijotted in Fig. 3. The results for surface phonon modes are
the work of Rodriguez and Takeuchi. shown by thick lines while the projected bulk phonon ener-
Figure 2 presents the electronic structure of thegies are shown as hatched regions. A few general observa-
GaAs:S(110 surface along the symmetry directions. Thetjons can be made. Because of the mass difference between
projection of the band structure of the homopolar semicons;j gngd Ga(or As) atoms, the surface acoustic modes on the
ductor Si on the(110 surface shows a continuous energy GaAs:S{110) surface turn into truly localized states. Inter-
distribution of its valence bands, except for a few pockets Okstingly, the energy locations of these waves are very similar
“‘stomach gaps” in which no bulk states are found. There argg those for the clean GafkL0) surface'® The highest-lying
no surface states for GaAs($10) falling well inside these phonon state for the GaAs($10) surface lies into the bulk
stomach gaps. The lowest occupied surface state showsgptical range of bulk Si. Near the surface Brillouin-zone
truly localized behavior alongX-M-X’ on the surface Bril- boundaries we have observed localized surface modes.

TABLE Il. The zone-center phonon frequencies of the GaA&1%) surface from theab initio and the
BCM calculations. Results are also compared with the zone-center phonon modes of the cleéil@GaAs
surface. SZCM and SSZCM indicate surface layer and subsurface layer zigzag chain modes while RM and
BCM indicate rotational and bond-stretching phonon modes.

Surface A” modes A’ modes
GaAs:Si(1103P initio 31.3 57.9 61.6 14.6 24.3 413 500 579
GaAs:Si(1105M 30.9 56.5 61.4 13.7 25.9 409 517 56.6
GaAg110 @ 31.1 31.7 23.7
GaAg110 ° 1.1 23.2
GaAg110 ¢ 28.7 32.2 10.99 22.8

SZCM SSZCM RM BCM

%Reference 18.
bReference 19.
‘Reference 16.
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TABLE Ill. Comparison of theab initio and BCM resullts for the - O Ga {110]
GaAs:S{110) surface at theX’ point. L, QO as
[001] . si foex]
Source A" modes A’ modes
GaAs:Si(110§° "te 45 31.3 7.0 24.0 43.8 49.0 57.9

GaAs:Si(1105°M 53 30.6 6.0 21.2 27.5 43.9 48.4 56.6 @/@Q‘—.
It is convenient to separate the zone-center surface mode
according to their polarization characteristiés: if the vi-

brations are along the zigzag atomic chdire., along

[110]), andA’ if the vibrations take place in the sagittal
plane defined by thE001] and[110] directions. Table Il lists

a selected number of zone centerASf and A” modes. The

lowest-lying modganA’ mode is a rotational phonon mode

with opposing motion of surface layer atoms. The energy of N \Q/M
this phonon mode is nearly 3-meV higher than that on the

v= 9.6 meV

clean GaA&110) surface'® which can be related to the
smaller mass of the substrate Si atoms which affect this
mode. The mode at 24.3 meV has a large bond-stretching v= 27.5 meV
character. Thé\’ phonon mode at 41.3 meV includes large
atomic vibrations from the second-layer Si atoms.
The surface phonon modes with a group symmetry repre-

sentationA” are found at energies of 31.3 meV and 61.6
meV. The lower-lying mode is a surface zigzag chain mode
(SZCM), and can be identified with a similar mode at 31.1 ' \. W’
meV for the clean GaA410) surface'® The identification of
the SZCM on GaAs:$110 with that on the clean
GaAq110 becomes possible because of its total localization
on the first-layer atoms. However, it should be pointed out v= 28.5 meV
that this mode has different polarization for the two systems.
In our previous works, we have identified the highest surface
optical frequency of 111-\(110) surface$®*’with A’ charac-
ter, but for this surface this phonon mode showsAhehar-
acter with opposing motion of second-layer atoms in the zig-
zag chain direction.

Table Il presents a selected numberAdfandA” modes
at the zone-edge poirX’. At this point the Rayleigh wave
(RW) is localized and corresponds to the motion of the top
two-layer atoms in the zigzag chain direction. It is important
to note that this phonon has t#¢ group symmetry repre-
sentation, while the RW phonon mode on 1[40

v= 32.6 meV
surface$®"has theA’ character. For this surface, the second
lowest acoustic phonon mode is obtained at 7.0 meV. The
phonon modes at 24.0 and 49.0 meV are localized gap pho
non modes, while the phonon mode at 31.3 meV is a surface
layer zigzag chain mode at the zone edge. Figure 4 display:

the atomic displacement patterns of the RW and the localizec v= 55.8 meV

gap phonon modes at th€ point. The energy of the RW is
only 1-meV higher than that on the clean G&&K)) surface.
This phonon mode includes larger atomic vibrations from
first As atom and its neighbor Si atom. The phonon modes at
27.5, 28.5, and 32.6 are stomach gap phonon modes at
The phonon mode at 55.8 meV lies in the upper gap region. As the bond-charge mod¢BCM) provides a compara-
For this phonon mode, the surface layer atdmiz., Ga and tively much easier method for setting up the dynamical ma-
As) do not vibrate due to their relatively heavier masses. trix, we have plotted in Fig. 5 the phonon dispersion along

FIG. 4. Atomic displacement patterns of Rayleigh waiR&V)
and localized gap phonon modes at ¥@oint.

2. BCM results
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FIG. 5. Dispersion of phonon modes and the density of states on the GAA§)Furface obtained from the adiabatic bond-charge
model. The calculated surface results are shown by solid lines, and the bulk results are shown by hatched regions and a @laghed line
density of states

five symmetry directions and the density of states. The BCM
calculations clearly show that surface acoustic frequencies

are localized phonon modes for large parts of the surface O 6

H H 1 ; H H i1 [110]
Brillouin zone. The peals in the phonon density of states is o O as
due to surface acoustic-phonon modes, and the [SRak foo1y @ s - o]

characterized by the stomach gap phonon modes.
At the zone center we identify a rotational phonon mode
at 13.7 meV and a bond-stretching phonon mode at 25.¢

meV. The atomic displacement pattern for these modes is

similar to those obtained from theb initio calculation. The

surface layer and subsurface layer zigzag chain modes ar .
identified at 30.9 and 61.4 meV, respectively. At tHé

point, our BCM calculations also predict two acoustical-
phonon frequencies at 5.3 and 6.0 m@ée Table Il). The
second one ha&' character while the first one h@g char- v= 8.5 meV

acter. The localized gap phonon modes at thipoint are
found at 27.5 and 48.4 meV. We have also identified a zigzac
chain phonon mode at 30.7 meV. At the point we have
identified the RW mode at 8.5 meV, and two localized gap
modes at 27.4 and 31.3 meV. The atomic displacement pat
terns for these are shown in Fig. 6. An inspection of Fig. 6
v=

along with Fig. 4 indicates that there is some difference in
the atomic displacement patterns corresponding to the Ray
leigh phonon moddRW) obtained from the BCM andb
inito methods. This difference can be due to very small mass
difference between Ga and As atoms: our BCM calculation
predicts large atomic vibrations from Ga atoms while ahr
initio calculation predicts large atomic vibrations from As

atoms. It should be pointed out that a similar difference has
found in the bulk atomic vibrations of GaAs: in the BCM
model the longitudinal-acoustic phonon mode at ¥hpoint D

27.4 meV

of the bulk Brillouin zone is due to the vibration of a Ga
atom, while in theab initio model this phonon mode is char-

acterized by the motion of an As atom. T

3. Further discussion of results FIG. 6. Atomic displacement patterns of the Rayleigh wave

It is useful to gain overall confidence in surface phonon(RW) and localized gap phonon modes with the BCM model at the
results obtained from a simple and semiempirical metho point.
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7 AD S0 1o Table 11l presents a comparison of thb initio and BCM
——————— BCM results =

results at the zone-boundary pokit. Clearly, on the whole
the results from both calculations agree very well with each
other. The only significant difference occurs for the modes in
the lower stomach gap region. The maximum difference oc-
curs for the second lowe#t’ mode, with the BCM result
being approximately 3-meV higher. The BCM calculations
predict two phonon modes in this gap region while #ie
initio calculations predict only one phonon mode. This dif-
ference can also be seen at Keoint, where theab initio

and BCM calculations predict three and two phonon modes,
respectively.

IV. SUMMARY

' In this paper, the structural and dynamical properties of
the GaAs:Si110 surface have been investigated and dis-
FIG. 7. Comparision of the phonon modes obtained fromathe  cussed by employing thab initio pseudopotential theory. In
initio and BCM calculations for the GaAs(310) surface. addition, phonon-dispersion curves and density of states for
this surface have also been studied by employing the adia-
such as the BCM. With this in mind we have plotted alr ~ batic bond-charge model. In general, the calculated phonon-
initio and BCM results together in Fig. 7. In general, thedispersion curves from both methods agree very well, except
results from both calculations are in very good agreemenfor some differences in the stomach gap regions. Both theo-
with each other. In Table Il we have presented a comparisoretical models have predicted that the zone-center phonon
of the energies of the zone-center modes obtained from theodes between energies of 10 and 36 meV are characterized
two methods. For comparison, in this table we have alsdy displacement patterns similar to those on the clean
included the zone-center phonon modes on the clea®aAg110 surface. Similarly, we find that the RW phonon
GaAg110) surface. mode on this surface has a similar energy location to that on
As a general remark we note that the rotational, bondthe clean GaAd10 surface. However, we have observed
stretching, surface layer zigzag chain and subsurface layehat the vibrational pattern of the RW phonon mode atthe
zigzag chain phonon modes predicted for the clearpoint is different from that on the clean GaA40) surface.
GaAq110 surface have also been identified for the Notably, the high-frequencyi.e., above approximately 40
GaAs:S(110) surface. The rotational, bond-stretching, sur-meV) phonon modes throughout the surface Brillouin zone
face layer zigzag chain phonon modes for both theare mainly localized in the substrate, with very little motion
GaAq110 and GaAs:Sil10 surfaces have comparable en- of the adsorbate layer atoms. This is entirely to be expected,
ergies. However, there is a large energy difference betweebecause of the significantly smaller mass of Si compared to
the subsurface-layer zig-zag chain mode on GaA® and Ga and As. The present work leads us to conclude that ad-
GaAs:S(110). This is not surprising, since this phonon mode sorption of heavier atofs) on surfaces can be expected to be
is due to the motion of second-layer atoms, which have difwell characterized by low-lying surface modes, and in par-
ferent reduced masses for the two systems. ticular low-lying localized Rayleigh phonon modes.
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