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Ab initio study of the Bi-covered GaA$111)B surface
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An ab initio theoretical study has been performed, within the local-density approximation and the pseudo-
potential method, of the atomic geometry, electronic structure, and energetic stability of the Bi-covered
GaAs(111B surface. The results obtained support the stability ofcif#ex 2) reconstruction observed experi-
mentally by McGinleyet al.[Appl. Surf. Sci.152, 169(1999], for a Bi coverage of 0.75 monolayer, with the
Bi trimers aligned along thEellE] direction. The Bi trimers are found to be energetically more favorable in the
T, sites rather than in thél; sites. The electronic-band-structure calculations indicate that the surface is
semiconducting in nature. The highest occupied surface state is resonant with the GaAs-bulk valence band, and
is localized on the unbonded second-layer As atoms. The lowest unoccupied state is mainly localized on the Bi
trimers, and exhibits a charge-density overlap between neighbor Bi trimers. In general, the electronic band
structure, atomic geometry, and simulated scanning tunnel microscope images of the Bi-a{vexet)
surface show similarities with the Sbh-coverg@k8) and As-covered2x?2) surfaces.
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[. INTRODUCTION therefore, 0.75 monolayetML). Recently Stezeret al®
have, using surface core-level spectrosc¢PgZLS, deter-

A microscopic characterization of semiconductor surfacemined the atomic geometry of the As trimers on the
reconstructions is fundamental to the development of elecGaAg111)B-(2x2) surface. The Sb-covered GaAl)B
tronic and optoelectronic devices. In particular, the stabilitysurface has been extensively studied by Moriatyl*~°
and electronic structure of interfaces between different maand Cafollaet al.® using a number of different experimental
terials, forming heterojunctions, are strongly associated wittypproaches. These studies proposed a family of surface re-
the interface(or contact surfageproperties. Recently, the constructions, constrained to the electron counting rule
study of the adsorption process, atomic topology, and eleGeCR), and the STM images suggested predominatly the
tronic properties of the group-V covered IlI-V semiconductor(3><8) model, formed by Sb_trimergadsorbed in theT,

formed for an ordered deposmon of group V on II[M0) . atoms (second layer In addition, these studies have also
surfaces, with the conclusion that the adsorbates form chains . o~ .

) . concluded that an annealing procéas475 °Q gives rise to
and the surface generally remains unreconstrdcted in

some cases exhibits (@x1) reconstructiofi Deposition of a structural phase transition from ti@x8) to the (1x3)

Sb on GaA&01)-B2(2x4) results in the surface reconstruc- reconstruction. The latter model is formed only by Sb chains,
tion to change td1x4), (1x3), and(2x4) phases in order of but does not satisfy the ECR. Very recent theoretical studies

increasing annealing temperatures, with (P& 4) phase be- have supported these experimental findings and explai_n that
ing characterized by the presence of a Sh-Sb dimer in the tojy€ Stability of the (1x3) model comes from a strain-
layer and a As-As dimer in the third laydDeposition of ~ relieving mechanisn
group-V elements on anion-terminated [1A41), viz. the The Bi-covered GaA411)B surface has been studied by
IV (111)B, surfaces has been reported to result in a largdcGinley et al,' using the SCLS and low-energy electron
number of reconstructions, characterized by the formation ofliffraction (LEED) techniques. Their work clearly indicates
adsorbate trimers and chaifsee, e.g. Refs. 436Such sur-  the formation of Bi trimers, a situation similar to the adsorp-
faces have attracted special attention due to their piezoeletion of some other group-V elements on the G&A4)B
tric effects. surface. However, whereas the As-covered GaiB sur-
Biegelsen et al,” using scanning-tunneling-microscopy face exhibits thg2x2) reconstructiorf,and the Sb-covered
(STM) images and total-energy calculations, concluded thé&aA4111)B surface exhibits the (3X8) and (1X3)
formation of adsorbate As trimers in the so-calledsites on reconstructioné; ® the Bi-covered GaA411)B surface ex-
the (2x2) reconstructed GaA$11)B surface. For this sys- hibits (2X2) andc(4x2) reconstructiongbelow 110 °C and
tem 75% of the surface area is covered by adsorbate Asbove 350 °C, respectivelyA Bi-chain model is not com-
trimers that are bonded to the surface As atoms, and on thgatible with the(2X2) and c(4X2) reconstructions, lending
remaining 25% surface area is exposed with the surface Asupport to a Bi trimer model. In the(4xX2) model the Bi
atoms remaining nonbonddthese As atoms will be called trimers are alternately shifted bg\2/2 (a= lattice con-
“rest” atoms). The coverage of the adsorbate As atoms isstan}, along the[110] direction, forming lines of Bi tri-
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mers along th¢ 112] direction. The adsorbate Bi atoms are
bonded to 75% of the surface As atoms, while the remaining
25% surface As atoms remain expodedlled the As rest
atomg. While the formation of group-V trimerén T, siteg

on the GaAs(111B surface seems to be a common feature
of these structures, it is remarkable that the formation of
different types of surface reconstructions have been observe
for different adsorbates.

While theoretical studies of the As- and Sh-covered —
GaAs(111B surfaces have supported the experimental in—'g
vestigations, no theoretical studies are available on the Bi-—
covered system. In this work we presentaminitio study of
the Bi-covered GaAs(11B)surface. The equilibrium atomic
geometry and the stability of the experimentally proposed
Bi/GaAs(111B-c(4X2) reconstruction have been deter-
mined, the electronic band structure has been studied in de
tail, and STM images of occupied and unoccupied states
have been simulated. To examine the dependence of elec
tronic states on the arrangement of the Bi trimers, we have
also calculated the band structure of thex(2) structure. We
have further provided a discussion on the similarities and
differences of thec(4x2) system with the As- and Sb-
covered GaAs(11B surfaces.

IIl. METHOD

Our calculations were performed in the framework of the |
density functional theory? within the local-density approxi-
mation using the Ceperley-Alder correlattbnas param-
etrized by Perdew and Zung€rThe electron-ion interaction C 5
was treated by using norm-conserviradp, initio, fully sepa-
rable pseudopotential§ The wave functions were expanded
in a plane wave basis set with a kinetic energy cutoff of 12
Ry. Increasing the energy cutoff to 16 Ry did not result in
any appreciable change in the atomic geometry and the tote
energy calculations for the Bi-covered GaAs(1B1gystem,
indicating that the basis set with the 12 Ry cutoff is totally
adequate for the present study. The theoretical equilibrium FIG. 1. Schematic top view of the atomic configurations of the
lattice constant of 5.62 A was used for bulk GaAs. In orderBi-covered GaAs(11B surface within the(a) c(4x2) and (b)
to simulate the surfaces we used the repeatead slab méthod(2x 2) models. The gray, black, and open cicles represent the Bi,
with a supercell containing six atomic layers and a vacuunf\S: @nd Ga atoms, respectively.
region equivalent to twice the bulk lattice constant of the
respective compound. To avoid the artificial electrostatic
field, which arises from the application of the periodic  The structural models of the Bi/GaAs(1Bkc(4X2)
boundary condition to the polar slab, we used a dipoleand Bi/GaAs(111B-(2x2) surfaces are shown in Fig. 1,
correction*”*® A layer of fractionally charged hydrogen at- hereafter referred as to thg4 x 2) and (2x2) models, re-
oms was used to saturate the cation dangling bonds at ttepectively. Thes(4 X 2) structure contains two Bi trimers per
botton layer of the slab. The application of the pseudohydroynit cell adsorbed in th@, sites (aligned along the 112]
genated method in conjuction with the dipole-correctiondirection and two As rest atom&orming a line of the As
scheme has been shown to eliminate the presence of the miest atoms parallel to the Bi trimerdn the equilibrium con-
croscopic electric field extending over the supercell containfiguration the bond length between Bi atoms on the trimers is
ing the polar slab used in this wotkThe electronic charge 3.07 A, which is quite close to the bond length of Bi in the
density was calculated using a set of four spekipbints in  solid crystalline phase (3.10 A in the rhombohedral struc-
the irreducible part of the surface Brillouin zone. The fourture). The bond length between the top-layer Bi adatom and
topmost layers were fully relaxed to within a force conver-the second-layer As atom is 2.73 A, which is slightly bigger
gence criterion of 25 meV/A. than the sum of the covalent radii of Bi and As atoms
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—
—
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IIl. RESULTS AND DISCUSSIONS
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geometry of the Sh-covered GaAs(1Bl3urface:(i) the As

rest atoms are vertically displaced upward by 0.33 A, and

(i) below the Sb trimers, the GaAs bonds are compressed by
0.05 A relative to the GaAs bulk, and the bonds between the
top-layer Sb adatoms and the second-layer As atoms are
covalent!®?

In order to examine the stable geometry of t{&Xx2)
model, we have studied a number of different atomic con-
figurations for the Bi trimers on the GaAs(1Bl)surface.
Initially we considered the adsorption of Bi trimers in the
andHj sites. In both adsorption sites the atomic geometry of
the Bi trimers are found to be very similar. However, our
total-energy calculations indicate that the trimer adsorption
in the T, sites is energetically more favorable than the ad-
sorption in theHj sites, by 0.12 eV/trimer. A similar result
has been verified by Biegelset al,’ for the adsorption of
As trimers on the GaAs(11B) surface. In their work, the
adsorption in theT, sites was found to be energetically
more favorable by 0.06 eV/trimer. Recently, we have per-
formed a total-energy calculation for Sb-trimers on the
GaAs(111B surface. Our results verify the conclusion
reached by Biegelseet al. and indicate that the Sb trimers
in the T, sites is energetically more favorable by 0.11
eV/trimer!® From these results we establish a common
charateristic for the adsorption process of group-V trimers on
the GaAs(111B surface:the adsorption of the grouly tri-

FIG. 2. Total charge density of the(4x2) surface passing Mers on the th&saAs(111B surface is energetically more
through the planega) A-A’ (containig the Bi trimersand(b) B-B’  favourable in the 7 sites than in the H sites

(containing As rest atomsas indicated in Fig. (). The gray, Experimental observations suggest that the initial adsorp-
black, and open cicles represent the Bi, As, and Ga atoms, respetion of Bi takes place at room temperature. The As trimers
tively. are substituted by the Bi trimers, retaining thex(2) recon-

struction of the clean GaAs(11R)surface[cf. Fig. 1(b)].*?

(267 A)’ and the vertical distandak)ng the[lll] direc- The coverage of Bi atoms is 0.75 ML, with 0.25 ML of As
tion) is 2.68 A. Figure 2 presents the total charge density ofest atoms. After an annealing process between 110°C and
the c(4x 2) surface. The formation of the covalent bonds350°C, LEED measurements indicate a structural transition
between Bi(top laye) and As(second layeratoms is evi- from the (2x<2) to thec(4x2) reconstruction on the Bi-
dent from Fig. 2a). The As rest atoms are displaced verti- covered GaAs(11B surface. The annealing process beyond
Ca”y upward from the surface by 0.35 A, resumng in a ver-300°C allows for the maximum amount of Bi bonded to the
tical distance between the As rest atoms and the third-layeurface. This is accomplished by shifting the adsorbed Bi
Ga atoms of 1.16 A. However, the As-Ga bond length istrimers by a/2/2 along the 110] direction, thereby acquir-
2.43 A, which is equal to the GaAs-bulk bond length. Theing thec(4 X 2) structurd cf. Fig. 1(a)]. We have studied the
total-charge-density plot in Fig.(B) shows the covalent relative stability of thec(4x2) and (2<2) models by com-
bonding of an As rest atom with its neighboring Ga atom.paring their total energies. To essure the same convergence
The Ga-As bonds between Ga third layer and As fourth layergriteria for these two models, the total-energy calculations
below the Bi trimers, are compressed by 0.03 A relative towere performed using the samex2 supercell. Our results
the GaAs-bulk bond length (2.43 A), resulting in a slight indicate that the(4 X 2) model is energetically more favour-
strengthening of these bonds. able than the (X 2) model by 0.06 eV/trimetincreasing the

In the (2x2) model, Fig. 1b), the Bi trimers are also plane wave energy cutoff to 16 Ry, we obtained a total en-
adsorbed il sites. Our calculations indicate that the equi- ergy difference of 0.05 eV/trimgrThus our work supports
librium atomic geometry of this surface are almost identicalthe favorability of thec(4x2) reconstruction proposed by
to that of thec(4X2) surface. The bond length between the McGinley et al. This rather low energetic favorability of the
Bi trimer adatoms is 3.06 A, and the vertical distance, along:(4X2) structure may be considered to support the
the[111] direction, between Bitop laye) and As(second observatiof that the transition from the (22) to thec(4
layen is 2.68 A. The vertical distance between As rest at-x 2) structure takes place over a large temperature range. As
oms and the third-layer Ga atoms is 1.19 A, and the GaAsliscussed earlier, there is very little difference in the struc-
bonds between the Gahird layep and As (fourth laye) tural parameters for the two structures. The two structures
atoms, below the Bi trimers, are also compressed by 0.03 Acan basically be distinguished by different distribution of the
Similar observations have also been made for the atomiBi trimers and As rest atoms. The small energetic favorabil-
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FIG. 3. Electronic band structure of the Bi-covered
GaAs(111B surface within thga) (2x2) and(b) c(4X2) mod-
els. The solid lines indicate the surface states close to the funda-
mental and ionic gaps. The the shaded regions represent the GaAs- .
bulk projected band structure. The results for thx) model are -
shown over the surface Brillouin zone fof4 X 2), which is shown (110l
in the inset.

FIG. 4. Partial-charge-density plots for the
Bi/GaAs(111B-c(4%2) surface. Panela) shows thevl state at
ity of the c(4X 2) structure over the (22) structure is in- theM point. Panelgb) and(c) show the side and top views, respec-
dicated by a slight overlap between the Bi trimers along dively, of the c1 state at theM point. Unit: electrons/(ad) The
row for the former structurgcf. Fig. 5(c) and Fig. %d)). It is gray, black, and open cicles represent the Bi, As, and Ga atoms,
interesting to note that although the formation of trimers inrespectively.
the T, sites on the GaAs(11B)surface seems to be a COM- yhaqe syrfaces exhibit a very similar electronic band struc-
mon characteristic of the group-V adsorbate elements, thg, e Both models present a semiconducting character, keep-
annealing proces&t different temperaturgsesults in differ- 4 the fundamental band gap free of surface states. The
ent atomic configurations on the surfadee (2X2) recon-  gimjfarity in the band structure for the two structures is con-

struction with trimer formation byAs adsorbates; the(3  gjstent with their relative structural stability. The highest oc-
X 8) reconstruction with trimers and chains formed Bp ¢ pied surface state is resonant with the GaAs-bulk valence
adsorbates; transformation of tfgbinduced(3x8) recon-  giates. We also identified some surface states localized in the
struction into the(1X3) reconstruction after an annealing gnic gap, between 7 and 10 eV below the GaAs-bulk va-
process a#75°C;and the ¢4X2) reconstruction with tri-  jence pand maximurVBM). The lowest unoccupied state is
mers aligned along thgl12] direction for Bi adsorption found to lie slightly above the GaAs-bulk conduction band

Figure 3 shows the electronic band structure of the (2minimum (CBM). Figure 4a) shows the partial charge den-
X2) andc(4%x2) surface models. Our results indicate thatsity plot of the highest occupied statel() at theM point.
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FIG. 5. Partial electronic
charge density of thec(4X2)
model at 1.22 A above the
second-layer As-rest atoms, for
energy intervals of(a) 0-1.5 eV,
(b) 1.5-2.0 eV, below the calcu-
lated VBM, and at 2.43 A above
the top-layer Bi trimers, for for
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energy intervals of{c) 0-1.5 eV,
(d) 1.5-2.0 eV, below the calcu-
lated VBM, and(e) for unoccu-
pied states for an energy interval
of 1.0 eV above the calculated
CBM. The gray, black, and open
cicles represent the Bi, As, and Ga
atoms, respectively.
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Clearly this state arises due to theorbitals localized on the cupied states, within an energy interval of 0-1.5 [ghig.
As rest atoms. Figure() and Fig. 4c) present the side and 5(a)], are localized on the As rest atoms, with no contribution
top views, respectively, of the partial charge density of thefrom the Bi-As backbonds. Between 1.5-2.0 E’g. 5b)]
lowest unoccupied state). This state is mainly localized the charge density distribution is rearranged: while the
on the Bi trimers, with a significant amount of orbital overlap charge is primarily localized on the As rest atoms, there is a
between neighboring Bi trimers along th&10] direction. significant amount of contribution from the Bi-As back-
A general picture of the electronic structure of tbgl bonds. For the energy interval 2.0-2.5 &t shown the
X 2) model, which can be linked to the experimental STMcharge distribution is very similar to that for the energy in-
observations, can be obtained by calculating the chargderval 1.5-2.0 eV, but the charge density on the Bi-As back-
density distribution for different energy windows in the va- bonds has become more pronounced. Figu®@ &nd Fig.
lence and conduction bands. We have studied the partidl(d) present the partial charge density of the occupied states
charge density at 1.22 A above the first-layer As rest atomsat 2.43 A above the top-layer Bi trimers. For the energy
and 2.43 A above the adsorbate-layer Bi trimers. In Figinterval 0—1.5 eV below the VBMFig. 5(c)], the involve-
5(a) and Fig. b) we present the partial charge density of thement of the Bi trimers in covalent bond formation is clearly
occupied states, within energy intervals of: 0—1.5 eV andverified. However, at this distance from the surface, there is
1.5-2.0 eV below the VBM (1.22 A above the As rest at-no contribution to the charge density from the As rest atoms.
oms), respectively. Our results indicate that the highest oc-The charge localization on the Bi trimers becomes evident
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for the energy interval 1.5-2.0 eV below the VBNFig. VBM - 3eV _ (a)
5(d)], and this feature becomes more significant in energy
interval 2.0-2.5 eV below the VBMnot shown. The den-
sity of states of the unoccupied orbitals at 2.43 A above the
top-layer Bi trimer, within an energy range of 1.0 eV above
the CBM, is shown in Fig. &). Our results indicate a high
charge-density localization on the Bi trimers, with a protru-

sion on the trimers and a slight enlongation along[th&0]
direction. This deformation can be attribuited to the charge-
density overlap of thel state between different Bi trimers
[see Fig. 4c)]. The characteristics of the charge-density dis-
tribution on this surface, viz(i) charge localization of the
highest occupied states on the first-layes rest atoms and

(ii) the charge localization of the lowest unoccupied state on VBM —1.5¢V _ 0.06 (b)
the groupV trimers, have also been observed on the-
coveredGaAs(111pB surface'®!! .

We have also performed a STM simulation of tbét
X 2) surface within the Tersoff-Hamann approdtfo take
into account the finite dimension of the real STM “tip,” we
have used the simulation procedure proposed bylgeu
et al?! and Miottoet al,?? by integrating the local density of
states over a limited region above the surface top layer. In
order to obtain images of occupig¢dnoccupied states, we
have summed the fille@empty orbitals within different en-
ergy intervals belowabove the VBM (CBM). This proce-
dure simulates the application of different values of the volt-
age to the sample with respect to the *“tip.” In our CBM+leV . 0.12 (¢)
calculations the local density of states was calculated up to
~4 A above the Bi top layer. Figure® presents the result
of the STM simulation for the occupied states, within an
energy interval of 3.0 eV below the VBM. While the forma-
tion of Bi trimes has been clearly verified, with the maxi-
mum charge density being localized on the Bi atoms, the
presence of the As rest atoms has not been observed, al
though as explained earlier the highest occupied states are
mainly localized on the As rest atonjsf. Figs. 4a) and
5(a)]. In Fig. 6b) we present the result of the STM simula-
tion for the occupied states within an energy interval of 1.5
eV below the VBM. Similar to the Fig. (@), while the for- ) .
mation of the Bi trimers has been verified, the maximum, F!G- 6. STMimages of the(4x2) model for occupied states,

charge density is localized along the Bi-Bi bonds. Even with{e" €N€ray intervals of(a) 3.0 eV and(b) 1.5 eV below the calcu-
; wgivon . lated VBM, and(c) for unoccupied states for an energy interval of
the reduction of the “tip”-sample voltage, thus collecting

only states near the VBM, the presence of the As rest atomls'O eV ahove the calculated CBM. Unit: electran/ (au)

has not been observed. Our STM simulation, therefore, sug- IV. CONCLUSION

gests that the STM images of the occupied states are repre- ) _

sentative of a picture of the surface topology, as previously [N conclusion, we have performed a detailed study of the
commented by Kendriclet al?® in the experimental STM atomic geometry, stability, and electronic structure of the
study of the In-terminated InA801) surface. Similarly, the Bi/GaAs(111B-c(4x2) surface. Our results indicate that,
simulated STM images of the Sb-covered GaAs(BL&)r- in common with other group-V trimers, the Bi trimers are
face, performed at constant current mode, are also closegdsorbed in thd, sites. On the other hand, the atomic re-
related to the atomic topology of the surface, i.e., show Stgonstruction of the Bi-covered GaAs(1Blpurface is quite
trimers and chains, with no infomation regarding the As resglifferent from the As- and Sb-covered surfaces. Our total-
atoms! Figure Gc) presents the STM image of the unoccu- energy calculations indicate that tbg4 < 2) model, with the
pied states within an energy interval of 1.0 eV above theBi trimers aligned along thgl12] direction, is slightly more
CBM. This image suggests a tunneling current into thestable than the (22) model, supporting the recent experi-
empty dangling of the Bi trimers, but forming a central pro- mental findings by McGinleyet al. The surface equilibrium
trusion on the trimer region. These results are consistent witheometry for both the (22) andc(4Xx2) structures, in-
the previously obtained results for the partial charge-densitgluding the presence of the As rest atoms, is very similar to
distribution on the surface, as indicated in Fig. 5. that of the Sh/GaAs(11B)r(3Xx8) surface. The electronic
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structure calculations indicate that both thex(2) and the geometry and the electronic structure of the
c(4x2) surfaces show a semiconducting character, with th&i/GaAs(111)¢(4X2) show similarities with the results for
highest occupied state being resonant with the GaAs valendbe Sh/GaAs(11)t(3X8) surface. The simulated STM im-
band, and mainly localized on the unbonded As atoms. Thages of the occupied states are strongly associated with the
lowest unoccupied state lies slightly above the GaAs-bulksurface topology: the formation of Bi trimers has been
conduction band minimum, and is characterized by a chargelearly verified, and the STM images of the unoccupied
density that is asymmetrically distributed on the Bi trimers,states indicate the formation central protrusions localized on
with a significative charge-density overlap along {I‘.l_aO] the Bi trimers. Similar results have been verified for the Sb-
direction, i.e., between different trimers. The calculatedcovered GaAs(11B surface.

charge-density distribution for the(4Xx2) structure indi-

cates that within_ an energy intervgl of 1.5 eV below the ACKNOWLEDGMENTS
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