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Based on pseudopotential method and density functional theory, we have investigated the stability,

atomic geometry, and detailed electronic structures for Bi adsorbates on the InAs(111)-(2� 2)

surface with three different sites: (i) T4 (Bi trimer centered on T4 site), (ii) H3 (Bi trimer centered on

H3 site), and (iii) T4–H3 (which is formed by trimers with opposite orientations: one centered on a T4

site and the other on a H3). Our total energy calculations suggest that adsorption on the T4–H3 site is

the energetically most stable structure among the proposed structures. The electronic band structure

calculations reveal the existence of an accumulation layer between InAs(111) surface and Bi adatoms

for T4–H3. Charge density difference results indicate significant amount of the charge accumulation

on the Bi/InAs interface. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4872248]

I. INTRODUCTION

The interaction of semimetal atoms with the (111)A/B

surface of III–V polar compound semiconductors is of partic-

ular interest because of crucial importance in the growth of

nanostructure devices. Here, (111)A represents the group-III

terminated surface, while (111)B corresponds to the group-V

terminated surface. These two structures exhibit different

and interesting electronic behavior, and also give various

responses to the adsorbates, depending on sample orientation

and surface preparation. Consequently, this rapidly growing

field has been extensively studied with a variety of theoreti-

cal and experimental techniques. In 1987, in the frame of

chemical potential calculations, Ga-vacancy model for the

GaAs(111)A-(2� 2) surface and the As-trimer model for the

GaAs(111)B-(2� 2) surface have been proposed by Kaxiras

et al.1 Following this result, Biegelsen et al.2 have presented

scanning tunneling microscopy (STM) images and first-

principles total-energy calculations which determine the

(2� 2) reconstruction with As-trimer in the T4 site on the

GaAs(111)B surface. Another group-V element, Sb, have

been studied on GaAs(111)B(2� 2) surface by using high-

resolution soft X-ray photoemission (SXPS), low-energy

electron diffraction (LEED),3 and STM.4 SXPS and LEED

results show that high temperature annealing (350–475 �C)

led to the phase transition from Sb-islands to Sb-chain pairs,3

and STM images showed trimers on the (3� 8) unit-cell.4

McGinley et al.5 investigated the interaction of Bi atoms

with the GaAs(111)B surface by means of core level photo-

emission and LEED. They have reported that there is a phase

transition from (2� 2) structure to c(4� 2) at high tempera-

tures and the c(4� 2) structure has two Bi trimers and two

As rest atoms per surface unit cell. Based on the results of

McGinley et al.,5 Miwa and Srivastava6 have investigated

the Bi trimers on GaAs(111) (3� 8) surface with the help of

a detailed ab initio pseudopotential calculation. Their results

indicate that the Bi trimers were energetically more favor-

able on the T4 sites rather than on the H3 sites, and moreover,

Bi-covered GaAs(111)B surface exhibited a semiconductor

character. As mentioned above, trimer geometry has been

confirmed experimentally and theoretically in the case of

GaAs(111)B surface with adsorbed Group-V atoms.

Similarly, trimer geometry on T4 or H3 positions on the

InAs(111)B-(2� 2) and InSb(111)B-(2� 2) surfaces are

verified by using surface sensitive high resolution core level

spectroscopy technique.7 Also, angle-resolved photoelectron

spectroscopy (ARPES) studies8 showed that InAs(111)B-

(2� 2) and InSb(111)B-(2� 2) surfaces had five surface

related structures. Using first-principle calculations,

Taguchi9 confirmed the As-trimer reconstruction as the most

stable structure for the InAs(111)B-(2� 2) surfaces.

Afterwards, Taguchi and Kanisawa10 have reported the

In-vacancy model for InAs(111)B-(2� 2) surface by using

low-temperature STM images and first-principle calcula-

tions. On the other hand, the RHEED results indicate that

Bi-adsorbed InSb(111) surface exhibit different reconstruc-

tions depending on the type of the ending atoms, such as

InSb(111)A-(1� 1) and InSb(111)B-(2� 2).11

For high-speed electronic-device applications, the for-

mation of heteroepitaxial interfaces of quality plays an

essential role. Therefore, it is very important to gain deeper

insight about the structures which have charge accumulation

layer near the interface region. Some group-IV elements,

e.g., Sn and Pb, produce charge accumulation layer near the

surface region after their adsorption on InAs(111)B-(1� 1)

surface.12,13 However, Cs/InAs(111)B-(1� 1) surface did

not induce an accumulation layer near the surface.14

Szamota-Leandersson et al.15 have observed a charge

accumulation layer on the well-ordered InAs(100)-

(2� 6)/c(2� 12) surface, however, not on the poorly ordered

0021-8979/2014/115(16)/163702/4/$30.00 VC 2014 AIP Publishing LLC115, 163702-1
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layer. In a recent work,16 they have investigated the

Bi-covered InAs(111)B-(2� 2) surface using synchrotron

radiation photoelectron spectroscopy and LEED techniques.

They reported that the Bi layers induce states located at

the bottom of the InAs conduction band due to a charge

accumulation layer, and also they have suggested that

Bi/InAs(111)B-(2� 2) surface is characterized by the Bi

trimer model.

The present work aims at elucidating the formation of

an accumulation layer between InAs(111)B-(2� 2) surface

and Bi adatoms and investigate the atomic and electronic

structure of the considered system in detail. We have also

presented the electronic charge density difference for the sta-

ble structures.

II. METHOD

All the calculations were carried out with the use of

Vienna ab initio simulation package (VASP)17–20 based on

Density Functional Theory (DFT). In this method, the

Kohn–Sham single particle functions were expanded based on

plane waves up to a cut-off energy of 33 Ry. The electron–ion

interactions were described by using the projector augmented-

wave (PAW) method.19,21 For electron exchange and correla-

tion terms, Perdew–Zunger-type functional22,23 was used

within the generalized gradient approximation (GGA)21

including non-linear core corrections. Self-consistent solu-

tions were obtained by employing the (4� 4� 1)

Monkhorst–Pack24 grid of k-points for the integration over the

Brillouin zone for the reconstructed (2� 2) surface unit cell.

In our calculations, InAs(111) surfaces were modeled by

periodically repeated slabs in [111] direction. The unit cell

included an atomic slab with six layers of InAs substrate

plus a vacuum of 13-Å thickness. The two bottom substrate

layers were frozen into their bulk positions, and each As

atom at the back surface was saturated with two hydrogen

atoms (Z¼ 3/4). All the remaining substrate atoms, the ad-

sorbate atoms, and the saturating H atoms were allowed to

relax into their minimum energy positions. The theoretical

bulk lattice constant is found to be 6.02 Å, consistent with

the experimental value of 6.058 Å.25

III. RESULTS AND DISCUSSIONS

The use of group-V elements as surfactant on group

IV(111) and III–V(111) surfaces has drawn extensive atten-

tion of researchers. The earlier theoretical studies reveal that

the stabilization of the reconstructed (111)-(2� 2) surface

depends on the trimer structure occurred on it. The binding

sites preferred by this geometry, commonly thought in the

literature, are the T4 and H3 sites, but it is well known that

the energy difference between these two phases is negligibly

small. Therefore, to find out the most likely adsorption site,

in which the Bi-trimer would be the happiest, we considered

three competing geometries: T4, H3, and T4–H3, where T4

and H3 structures correspond to the h¼ 0.75 monolayer

(ML), while T4–H3 corresponds to the h¼ 1 ML coverage. In

such cases, the way of determining the most stable phase is

to compare the total energy of each configuration including

the chemical potential of Bi atom. We, therefore, performed

self-consistent total energy calculations for isolated Bi atom

by using similar computational parameters as for the surface

calculations. The formation energy is, therefore, given as

DE ¼ Eref � Esite � ðNBi
ref � NBi

siteÞlBi; (1)

where Eref is the total energy of the reference site, T4–H3, on

the reconstructed InAs(111)B-(2� 2) surface. Esite repre-

sents the total energy of T4, H3, or T4–H3 trimer on

InAs(111)B-(2� 2) surface. lBi is the chemical potential of

the isolated Bi atom. The symbol NBi
site denotes the number of

Bi atoms adsorbed on the site under consideration.

According to our procedure, we find that the T4–H3 site is

more favorable than T4 and H3 structures by 1.29 eV and

1.34 eV energy differences, respectively (see Table I).

The optimum configurations of the Bi/InAs(111)B-

(2� 2) surface for T4, H3, and T4–H3 binding sites are

presented in Fig. 1. The T4 and H3 sites on the (2� 2) recon-

structed InAs(111)B surface have one Bi-trimer and one As

rest atom in each surface unit cell, while for the T4–H3 case,

four Bi atoms are bonded to the surface As atoms, leaving no

rest atoms in a full coverage.

As seen from Table I, we found that the bond lengths

between Bi atoms on the trimers are 3.00 Å and 3.01 Å for T4

and H3 structures, respectively. These bond lengths are in

good agreement with the other theoretical results, 3.03 Å

(Ref. 26) and 3.06 Å.27 Also, trimers do not have any buck-

ling along the [111] direction, and bond lengths between the

top-layer Bi atom and second-layer As atom are 2.68 Å for

T4 and 2.69 Å for H3 site. These values are slightly longer

than the sum of the covalent radii of Bi and As atoms

(2.64 Å) and good agreement with the other theoretical cal-

culations (2.76 Å).26 In T4 sites, the As rest atoms are moved

upward from the surfaces by 0.67 Å (d22). In relation to this,

third layer In atoms, which have bonds with As rest atoms,

displaced downward (d33¼ 0.40 Å). The vertical distances

along the z-direction between the As rest atoms and third

layer In atoms (d23) are 1.68 Å and 1.30 Å for T4 and H3

sites, respectively. The As–In bonds between subsurface and

third layer are 2.64 Å for H3 site, and this value is 1.5% lon-

ger than the InAs bulk bond-length of 2.60 Å. However, due

to outward movement (in the �x direction) of the third-layer

In atoms, d23 value is just 1.30 Å.

From the above analysis, we see that both of these geo-

metries, T4 and H3, do not have any order at the interface. In

the light of our findings, we believe that it would be worth

considering the structural model called T4–H3, which is a

combination of the T4 and H3 binding cases. After the relaxa-

tion, we have observed that the trimer structures were

extended and bonds between 1st and 3rd atoms, and 2nd and

4th atoms are broken as a result of which the T4–H3 structure

TABLE I. The calculated atomic key parameters (in Å) and the relative

energies (in eV) for the models shown in Fig. 1.

Model a d12 d22 d23 d33 DE

T4 3.00 2.68 0.67 1.68 0.40 1.29

H3 3.01 2.69 0.24 1.30 0.05 1.34

T4–H3 3.00 2.72 … … … 0.00

163702-2 €Ozkaya et al. J. Appl. Phys. 115, 163702 (2014)
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did produce the Bi-chains. This result is similar to

Sb-terminated GaAs(111)B surface4 and Sb on Si(111) sur-

face.28 According to these results, at the 1 ML case, Bi-chains

could be observed on the InAs(111)B-(2� 2) surface. For

this model, Bi–Bi bond length is found to be 3.01 Å and the

bond length between Bi adatom and subsurface As atom is

2.72 Å, and because of the full coverage, there is no move-

ment neither upward, nor downward, and nor outward for the

As atom. That means the T4–H3 geometry with the 1 ML Bi

coverage shows more ordered structure than the T4 and H3

configurations corresponding to the 0.75 ML coverage. This

is an important finding and gives theoretical support to the

explanation made by Leandersson and co-workers.

In order to make the formation of the charge accumula-

tion layer at the Bi/InAs interface lighter, we calculated the

band structure of the (2� 2) surface containing all possible

phases along the high-symmetry directions in the Brillouin

zone and depicted them in Fig. 2. The states labeled as S1

and S2 show pronounced dispersion along the C–K and M–C
directions and are less dispersive along K–M direction. Our

results represent that the surface states are similar for T4 and

H3, however, for T4–H3, both valence band maximum

(VBM) and the conduction band minimum (CBM) shift to a

lower energy, and the Fermi level position is above the

CBM. It can be seen from Fig. 2(c) that the surface state S2

crosses the Fermi level, which means that there is a charge

accumulation layer on the T4–H3 surface. Our results suggest

that additional charge donor adatom (Bi) on T4–H3, as com-

pared to T4 and H3, led to a charge accumulation layer. To

get more straightforward information on the electronic struc-

ture, we have calculated the density of states (DOS) for each

structure and also for clean surface. The DOS results are

compatible with electronic band structure results for T4 and

H3 cases, and Fig. 2(c) also shows consistency with elec-

tronic band structure results except in the (�1.1)–(�0.8) eV

region for T4–H3. Moreover, the peak below the EF level

proves the existence of charge accumulation layer for the

T4–H3 case. On the other hand, the calculations reveal that

T4 and H3 configurations do satisfy the electron counting

rule (ECR), and surface states have not crossed the Fermi

level. Therefore, we cannot talk about any charge accumula-

tion layer for the T4 and H3 cases. In contrast, the T4–H3

does not satisfy the ECR. In order to understand the changes

in the vicinity of Fermi level, we have also calculated the

FIG. 1. Top and side views of the opti-

mized structure of the Bi/InAs(111)-

(2� 2) surfaces at (a) T4, (b) H3, and

(c) T4–H3 sites. (Only two layers of

slabs are shown for clarity.)

FIG. 2. Electronic band structure for

the Bi/InAs(111)-(2� 2) system for (a)

T4, (b) H3, and (c) T4 � H3. Right-most

panels show the corresponding total

density of states. Dashed-dotted lines

depict the total density of states for the

clean InAs(111)-(2� 2) surface for

comparison. Energies are relative to

Fermi level.
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DOS for clean InAs(111)-(2� 2) surface. Examination of

Fig. 2 indicates that the peak below the Fermi level disap-

peared and some peaks appeared above the Fermi level with

the Bi adsorption.

In the bulk, covalent In–As bond is formed by 0.75e
contribution from In atom and 1.25e from As atom. At the

surface, As atoms and the Bi atom contribute 1.25e and 1.0e
to the As–Bi bond, respectively. Therefore, there are excess

charges of 0.25e per As–Bi bond at the interface. These extra

electrons induce an accumulation layer.

More confident result on the charge transfer between Bi

and As atoms can be obtained from charge density differ-

ence. To analyze the charge transfer among surface atoms

due to their bonding interactions, we have depicted the

charge density difference in Fig. 3. The charge density dif-

ference DqðrÞ is obtained as

DqðrÞ ¼ qBi=InAsðrÞ � ½qBiðrÞ þ qInAsðrÞ�; (2)

where qBi=InAsðrÞ represents the total charge density of

Bi/InAs(111)B system, qBiðrÞ and qInAsðrÞ are the charge

densities of isolated Bi atom and clean InAs(111)B substrate,

respectively.

Our results suggest that Bi acted as an electron donor on

InAs(111) surface, because As atom is more electronegative

(2.18) than Bi atom (2.02). On InAs(111)B surface, As atom

can accept electron from Bi atom to fill 4p states, and it is

clearly seen in Fig. 3 that the charge transfer occurs from the

Bi atoms to surface As atoms.

IV. SUMMARY

Motivated by recent experiments, we have presented a

detailed theoretical study of the atomic geometry, stability,

and electronic structure for Bi adsorbate on InAs(111)

surface. In contrast to the results reported by Szamota-

Leanderson et al.,16 we have not obtained any charge accu-

mulation layer on Bi/InAs(111)B-(2� 2) surface for T4 and

H3 sites. In addition to these structures, we have also tested

the case of T4–H3 site. We have found that the T4–H3 site is

the possible structure for Bi/InAs(111)B-(2� 2) surface. It

can be said that the stabilization of the surface structure is

related to the increase of the surface coverage rate. The elec-

tronic structure calculations indicate that there is an accumu-

lation layer for T4–H3 case, and the calculated charge density

difference for T4–H3 structure indicates charge donation

from Bi atom to sub-surface As atoms.
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