Applied Surface Science 406 (2017) 122-127

Contents lists available at ScienceDirect  Applied
Surface Science|

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Adsorbate-induced modification of electronic band structure of
epitaxial Bi(111) films

@ CrossMark

A.V. Matetskiy®*, L.V. Bondarenko?, A.Y. Tupchaya?, D.V. Gruznev?, S.V. Eremeev "¢,
AV. Zotov*9¢, A.A. Saranin®9

3 Institute of Automation and Control Processes FEB RAS, 5 Radio Street, 690041 Vladivostok, Russia

b Institute of Strength Physics and Materials Science, 634021 Tomsk, Russia

¢ Tomsk State University, 634050 Tomsk, Russia

d School of Natural Sciences, Far Eastern Federal University, 690950 Vladivostok, Russia

¢ Department of Electronics, Vladivostok State University of Economics and Service, 690600 Vladivostok, Russia

ARTICLE INFO ABSTRACT

Article history:

Received 4 November 2016

Received in revised form 16 January 2017
Accepted 6 February 2017

Available online 14 February 2017

Changes of the electronic band structure of Bi(111) films on Si(111) induced by Cs and Sn adsorption
have been studied using angle-resolved photoemission spectroscopy and density functional theory cal-
culations. It has been found that small amounts of Cs when it presents at the surface in a form of the
adatom gas leads to shifting of the surface and quantum well states to the higher binding energies due
to the electron donation from adsorbate to the Bi film. In contrast, adsorbed Sn dissolves into the Bi film
bulk upon heating and acts as an acceptor dopant, that results in shifting of the surface and quantum well
states upward to the lower binding energies. These results pave the way to manipulate with the Bi thin
film electron band structure allowing to achieve a certain type of conductivity (electron or hole) with a
single spin channel at the Fermi level making the adsorbate-modified Bi a reliable base for prospective
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1. Introduction

Metal surfaces have been a prominent object for investiga-
tions of many basic condensed matter phenomena such as electron
surface states, surface reconstructions, surface diffusion, etc. Nowa-
days metal surfaces still attract considerable attention. One such a
topic deals with the spin-polarized surface states (SSs). The nature
of spin-orbit splitting for these surface states is proved to be similar
to the one of the Rashba-Bychkov effect in the semiconductor het-
erostructures and relies on the potential gradient originated from
the asymmetry of the wave functions near the atom nuclei [1].

Among the metal surfaces, the Rashba effect was first observed
at Au(111) [2]. Then it has consequently been found at the
adsorbate-covered metallic surface [3-6], surface alloys [7], quan-
tum well states (QWSs) in thin films [8,9] and metal-induced
reconstructions on the semiconductor surfaces [10-13]. Together
with the topological insulators [14], such materials are promis-
ing for use in spintronic devices. However, one needs techniques
to control electronic properties of these novel materials, such as
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position of Fermi level, number and character of bands crossing it,
magnitude of splitting, carrier density, etc.

It has been found that splitting values as well as Fermi level
position can be varied through modifying the potential gradient by
alkali metal and rare gas adsorption [15] or alloying [16,17]. But,
it turns out that a result of such modifications is not universal and
depends on the sign of the potential gradient of initial surfaces [18]
being more pronounced for the surfaces of heavier elements [3].

Bismuth surface attracts intense attention due to its remarkable
properties, including pronounced spin-splitting of the surface state
bands [19-21] and clear manifestation of the quantum size effects
[21]. Interplay between Rashba and quantum size effects, in turn,
leads to the peculiar polarization dependence of surface states on
the kvector [22] and on the thickness of the film [23]. Furthermore,
depending on thickness Bi films undergo allotropic transformation
[24] and semimetal-to-semiconductor transition [25,26].

In the present paper, we report on the modifications of the
electronic structure of extrathin Bi films on Si(111) induced by
cesium and tin adsorption. We have found that behavior of these
adsorbates differs from the incorporation scenario observed for 3d
transition metals [27]. Thus, Cs forms an adatom gas and alkali
atoms donate electrons to the surface leading to shift of QWSs and
SSs to the higher binding energies. Meanwhile, splitting of the sur-
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Fig. 1. ARPES spectra of (a) intact 14-BL-thick Bi film on Si(111), (b) the Bi film after RT deposition of ~0.1 mL of Cs and (c) after deposition of ~1.0 mL of Sn followed by
annealing at 150° C. Position of the spectral cuts marked by numbers is indicated in the scheme of the Fermi surface of the intact Bi film in (d). Experimental Fermi surfaces
(with their schematics given in the left half of SBZ) corresponding to the cases of (e) Cs and (f) Sn adsorption. Labels s,, and sg,w, mark upper and lower SS branches,
respectively. The SS electron and hole pockets are colored in blue and pink, respectively and indicated by labels Sy, S and Ss. Bulk hole pocket is colored in violet. Bulk band
projection in I point in the (1) cut (left panels in (a), (b), and (c)) is outlined by the violet dotted line. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

face states increases. In contrast, tin atoms dissolve into the Bi film
up to the limit of solubility and act as acceptor dopants.

2. Experimental and computational details

Experiments were conducted in the Omicron MULTI-
PROBE ARPES system operated in an ultrahigh vacuum
(~2.5%x 10" 1%mbar). Scanning tunneling microscope (STM)
images were obtained with Omicron variable temperature STM-
XA using mechanically cut Ptlr tips. Angle resolved photoemission
spectroscopy (ARPES) measurements were performed using VG
Scienta R3000 electron analyzer and high-flux He discharge lamp
(hv=21.2eV) with toroidal-grating monochromator as a light
source. For ARPES measurements samples were cryogenically
cooled down to 78 K.

An atomically clean Si(111)7 x 7 surface was prepared in situ by
flashing to 1280 °C after the sample was first outgassed at 600 °C for
several hours. Bismuth was deposited from a Knudsen cell. Cesium
was deposited from a well-outgassed commercial SAES chromate
dispenser. Tin was deposited from the tantalum boat.

Electronic structure calculations were carried out within density
functional theory (DFT) with using the Vienna Ab Initio Simulation
Package (VASP) [28]. The interaction between the ion cores and
valence electrons was described by the projector augmented-wave

(PAW) method [29,30]. Relativistic effects, including spin-orbit
interaction (SOI), were taken into account. For this calculations
the PBE exchange-correlation functional [31] was used. The bulk
Bi parameters were optimized and then they were used in slab cal-
culations. In slab calculations on a slab of six bilayers with vacuum
space of 15 Awas included to ensure negligible interaction between
opposite surfaces. k-point meshes of 7x7 x7 and 9 x 9 x 1 were
used for the bulk and slab calculations, respectively. The total-
energy convergence was better than 1 x 106 eV.

The bismuth film was prepared using the routine procedure
which consists of the room temperature deposition of Bi onto
Si(111)7 x 7 surface and subsequent annealing of the obtained
film at 150°C [32]. For the films thicker then ~6 bi-layers
(1BL=1.14 x 10> cm~2), when phase transformation from black
phosphorus phase to hexagonal phase takes place [24], such a pro-
cedure leads to the formation of a flat single-crystalline hexagonal
Bi(111) film.

3. Results and discussion

The ARPES data on the band dispersion and Fermi map for the
14-BL thick Bi(111) film are shown in Fig. 1a and d, respectively.
The spectral cuts in Fig. 1a correspond to the red dotted lines in
the Fermi surface scheme in Fig. 1d. In agreement with previously
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Fig. 2. Dispersion of the (a) Sgown band and (b) sy, band in the ['-M direction (cut 1 and cut 3 in Fig. 1, respectively) for different Cs coverage. Energy distribution curves
(EDC) (c) at the T" and (d) M points for different Cs coverages. The trend of increasing Cs coverage is indicated by the arrow and corresponding color of the curves. The inset
in (c) shows close look of the EDC near the Fermi level together with fitting results for spectrum profile of Cs modified film (blue lines). Green line marks the background.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Calculated electron band structure along the K-T'-M direction for (a) relaxed Bi(111) slab and Bi(111) slabs with (b) additional and (c) missing electron. Surface states
with opposite spin directions are marked by red and blue circles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 4. 100nm x 100 nm STM images of (a) ~1.0 mL of Sn deposited at room temperature and (b) annealed at 150°C. Inset in (b) shows the surface structure with a greater

magnification.

reported data, the surface states are presented by two branches
marked as syp and Sy,,,. The upper branch sy, forms sixfold elec-
tron pocket S; close to the M point and electron pocket S; at I’
point, when the lower branch sy, forms sixfold hole pocket S; in
between I' and M. The results of the first-principles band calcula-
tions [19,20], as well as sp3 tight-binding calculations [33] showed
that these are the two branches of the spin-split band. It was found
[22,34] that splitting is mostly of the Rashba-type, albeit out-of-
plane component of spin approaches 25% of in-plane one, that is a
result of the “intrinsic Bi crystal structure” [33]. In turn, the bulk
band projection also crosses Fermi level in I" point, where it forms
tiny hole pocket [35]. Finally, as a result of quantum confinement
in the film the QWSs appear. It was found that the hybridization
among the surface and quantum well states forces the former one
to lose their spin-split character near the M point (S3 pocket) [20].

Room-temperature adsorption of Cs onto the Bi(111) films has
been found to affect greatly the Bi electron band structure. Corre-
sponding ARPES data for the highest Cs dose of ~0.1 mL are shown
inFig. 1band e. Evolution of the different states with Cs dose is illus-
trated in Fig. 2. The general trend is that following Cs deposition SSs
as well as bulk bands gradually shift to the higher binding energy
(Fig. 2a). As a result Sy,,,, branch becomes fully located beneath
the Fermi level and corresponding S, hole pocket disappears. At
the same time, filling of the electron pockets S; and S3 of the sy
branch increases (Fig. 1e).

The amount of energy shift, however, is not uniform and
depends on band and k vector, that leads to the violation of shape
of the SS branches. Thus, the extrema of Sy, branch near the T
point and syp branch near the M point shift for up to 130 meV and
100 meV towards higher binding energy, respectively, as well as
for up to 0.03A-! towards each other (Fig. 2a and b). Plausible
the same effect takes place for the deep in-gap states at the cen-
ter of Brillouin zone, which according to [21] also have a strong
spin polarization (Fig. 2c). The crossing point in this case shift for
almost 300 meV towards higher binding energies. The separation of
the extrema of spin-split bands in k space could be attributed to the
splitting parameter and hence the doping-induced modification of
the spectrum is not confined to the rigid shift.

According to the very recent study of Ito et al. [37] the s, branch
is bounded to the conduction band minimum (CBM) at M point
while s;,,,, branch is bounded to the valence band, reflecting the
non-trivial topology of Bi. Then, even though the bulk band is not
clearly seen at the current photon energy we still can make a deci-
sion about CBM energy shift. According to the same study of Ito
etal.[37]the CBM of 14-BL-thick locates almost exactly at the Fermi

level. After Cs deposition s, branch maximum at M point locates at
30 meV beneath the Fermi level. So, the energy shift of CBM should
be closed to that value.

Similar estimation of bulk bands shift could be obtained from
the energy distribution curve (EDC) at " point (Fig. 2c). One can
notice disappearance of the characteristic Fermi-step feature in
the profiles with Cs deposition. Data in the inset in Fig. 2c shows
up a position of valence band maximum (VBM) at about 20 meV
beneath Fermi level for Cs modified film. Taking into account it
initial position [26], the energy shift of VBM should be of about
30-40 meV.

Finally, quantum-well states which is hybridized with SSs at
M point [21] have similar to them shift towards the higher bind-
ing energies for ~100 to 150 meV, the effect being greater for the
deeper states (Fig. 2d).

It has been found that the dose of 0.1 mL of Cs produces the
greatest effect on the spectral features mentioned above and the
effect vanishes at higher Cs coverages. However, STM observations
at 0.1 mLof Cs have not revealed any specific features on the Bi(111)
surface that could be associated with the presence of Cs adsor-
bate. They appear only at doses much higher than 0.1 mL of Cs as
domains of the layer displaying +/7 x +/7 periodicity at the liquid
nitrogen temperatures. As for 0.1 mL of Cs, the Cs adsorbate is plau-
sibly present in the form of the 2D gas of mobile charged adatoms
which could hardly be detected with STM due to tip effects. Charg-
ing of the Cs adatoms is believed to be a result of electronic charge
transfer from the alkali-metal atom to the Bi film. Using DFT calcu-
lations, we have simulated semi-quantitatively this situation just
by introducing one additional electron into the Bi slab. The results
of simulations are shown in Fig. 3, where Fig. 3a shows the electron
band structure of the intact Bi film and Fig. 3b that after adding an
electron. One can see that the calculation results reproduce main
trends observed in the ARPES experiments, namely an overall shift
of the bands towards the higher binding energies as well as partial
modification of the surface state dispersion owing to that the extra
electron localized mainly at the surface layers.

Tin adsorption follows quite a different scenario both from the
viewpoint of adsorbate interaction with a bismuth film and its
effect on the electron band structure. Upon RT Sn adsorption, 2D
islands of Bi-BL height are formed on the surface (Fig. 4a). However,
annealing at 150° C restores a flat Bi(111) surface with a slightly
modulated STM contrast (Fig. 4b). The other characteristic feature
of such surface is a presence of seldom 3D islands. We speculate
that Sn atoms dissolve into the Bi film bulk up to solubility limit
(which is actually low [36]), while the excess Sn constitutes the
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Fig. 5. (a) Evolution of the EDCs in the M point in the coarse of RT deposition of 0.15, 0.30, 0.45 and 1.0 mL of Sn and subsequent annealing at 150°C. (b) Energy shifts of the
EDC peaks, S4own bounded to valence band maximum (marked in (a) by circle) and two QWS peaks (marked in (a) by square and triangle) versus deposited Sn dose.

3D islands observed with STM. As for the change of the Bi electron
band structure, Sn adsorption leads to decreasing electron band
filling (Fig. 1c¢). The Fermi level gradually shifts downward with
RT deposition in the range from 0.15 to 1.0 mL for ~40 meV as indi-
cated by the rigid shift of all peaks in the energy distribution curves
(Fig. 5b). Meanwhile, the spectra smear significantly (Fig. 5a). After
annealing of the sample with 1.0 mL Sn at 150 °C, the Fermi level
shifts further for additional ~70 meV, that seems to indicate a more
complete electrical activation of Sn atoms dissolved in the Bi film
bulk. The spectral features restore their sharpness due to improved
crystal ordering of the film. Thus, Sn acts as an acceptor dopant,
that it is quite natural bearing in mind that Sn and Bi are elements
of Group IV and V, respectively. The S, hole pockets agglomerate
into one star-like hole pocket, while the electron S3 and S; pock-
ets disappear (Fig. 1f). Bulk hole pocket at I point is expected to
remain and enlarge in size, but it is difficult to find a clear confirma-
tion for that in the ARPES spectra due to overlay and data smearing.
The general changes in the Bi film spectrum after tin incorporation
are well reproduced by the DFT calculations with missing electron
(Fig. 3c), that simulates a hole doping.

4. Conclusion

In conclusion, we present an efficient technique to modify the
electron band structure of the epitaxial Bi(111) films in a desired
manner using adsorption of appropriate species. Effects produced
by adsorbates are illustrated in schematics shown in Fig. 6. In the
band structure of the intact Bi film, both electron and hole pock-
ets of the surface state bands are present (Fig. 6b and e). Upon RT
adsorption of small amounts of Cs when it forms 2D adatom gas, the
surface states shift to the higher binding energies by 100-300 meV
due to electron charge transfer from Cs adsorbate to the Bi film.
As a result, only the electron pockets are left at the Fermi surface
(Fig. 6a and d). Bulk bands shift for ~30 meV. Upon RT adsorption
of Sn followed by annealing at 150°C, Sn atoms dissolve into the
Bi film and act as acceptor dopant causing the shift of the Fermi
level downward by ~100 meV. As a result, only the hole pockets
are left at the Fermi surface (Fig. 6¢ and f). Since the surface state
is spin split, the electron and hole doping as can be seen in Fig. 6
also leads to a switching off of one of the spin channels for surface

ST

K~—T M
Fig. 6. Schematic view of surface state bands (shown by blue and red lines) and a
bulk band (shown by violet line) along the K-I"-M direction for (a) the intact Bi film
and Bi films modified by (b) Cs and (c) Sn adsorption. Schematic structural models
for (d) intact Bi film and Bi films modified by (e) Cs and (f) Sn adsorption. Bismuth,
cesium, and tin atoms are shown by gray, red and blue circles, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

conductivity that makes the doped Bi films potentially interesting
for spintronics applications.
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