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The present paper dedicated to experimental investigations of optical properties of
Bi/Si(001) interfaces and Bi nanolines in a wide spectral range (1+4 eV). The experimental
study of optical absorption spectrum showed the widening of the optical band gap of
Bi/Si(001) interfaces with increasing the bismuth coverage, whereas after nanolines forma-
tion the width of the optical band gap decreases. Features of the experimentally obtained
reflectance anisotropy spectra and surface differential reflectance spectra concerned with
changing of the silicon surface reconstruction from 2x1 to 1x1 with the increasing of the
bismuth covering degree from 0.5 ML to 1 ML. The experimental study of reflectance
anisotropy spectra and surface differential reflectance spectra of Bi nanolines shows that
the bismuth atoms are still present on the surface of the substrate in small amount, but
the optical properties of such structures are determined by Si dimers.

Keywords: bismuth, reflectance anisotropy spectroscopy, surface differential reflec-
tance spectroscopy, adsorption, silicon.

UccnenoBausl onrudeckue cpoiicrBa unrepdeiicor Bi/Si(001) u wanomumuuit BucmyTa B
TUPOKOM CTHeKTpajbHoM AuamnasoHe (1+4 eV). HccrenoBanus CIeKTpa MOTJIONIEHUA MOKAasa-
JH, YTO TPU YBEJWUYEHUU CTETIeHW MOKPBITUSA BUCMYTOM HPOUCXOAUT YBeJUUEHUE ITUPUHEI
ONITUYECKON 3ampernteHuoil 3oubl wHTepdeiico Bi/Si(001), Torma kax mociae obGpasoBaHuUs
HAHOJUWHUH MHUPWHA ONTUYECKOH 3ampemnieHHOM 30HBI yMeHbIaeTcd. Oco0eHHOCTH DKCIepHU-
MEHTAJLHO TOJYUYEHHEIX CHEKTPOB aHU30TPONUU OTPAKEHWS U TOBepXHOCTHOTO AuddepeH-
IUATBHOTO OTPAKEHUs CBABAHBI C M3MEHEHWEeM PEKOHCTPYKIIMM TOBEPXHOCTH KPEMHUS OT
CTPYKTYPH 2X1 mo 1x1, mpw yBeIWYeHUU CTeNeHM MOKPHITHA BucMytoM ot 0.5 MIIT ro
1 MITI. 9xcnepuMeHTAIbHBIE MCCIEAOBAHNS CIEKTPA aHW30TPOTHOTO OTPAaKEeHMS M CIIEKTPa
MOBEPXHOCTHOTO AuBdepeHIIIaIbHOTO OTPAKEeHNA HAHOJWUHUI BUCMYTa IOKA3LIBAIOT, UTO
4TOMBI BUCMYTa J0 CUX TOP TPUCYTCTBYIOT HA MOBEPXHOCTHU TO/JIOKKMN B HEOOJBLIIOM KOJU-
YecTBe, OJHAKO, OMTHUUECKUE CBOICTBA TaKOIHl CTPYKTYDHI ONPEAeNAOTCA AUMePaMU KpeM-
HUA.

HocainskenHsa HaHOXiHIN Bicmyry JiniiiHMME onTmuEmMu metomamu. B.B.Byuenrko,
A.O.T'onobopodvro.

Mocaimeno onruuni Baactusocti inrtepdeiicis Bi/Si(001) ta mamoniuii BicMyTy B miupo-
KOMY cHeKTpajbHOoMy Aianasoni (1+4 eV). HocuigKeHHd CIIeKTPa IIOIVIMHAHHA IIOKasau, IO
upu 306ijgbIIeHH] CTymeHS HOKPUTTA BicMyToM BinOyBaeTbCs 30iJbIII€HHS INMIUPUHU OIITHYHOIL
saboponenoi zouu iumrepdeiicis Bi/Si(001), roxi Ak micis yrTBopenHs HaHOMiHIN MmMpuUHA
onTuuHOI 3abopoHeHOol 30HU BMeHINyeThcd. OCOOMUBOCTI €KCIepUMeHTANLHO OTPUMAaHUX
cueKTpie amizorpomii Bif0MBaHHA Ta MOBEePXHEBOTO AMdepeHITialbHOTO BiA0MBaHHA OB’ A3aHi
31 sMiHOI0 peKOHCTPYKINI moBepxHi KpeMmHi0 Big cTpyKTypm 2x1 go 1x1, mpu 36inbriensi
crynedsa nokpurrsa Bicmyrom Bixm 0.5 MIII go 1 MIII. ExcnepumeHTanbHI JOCHimsKeHHSA
CIIEKTpPa aHi30TPOIIHOIO BiAOMBAHHS Ta CIEKTPa IIOBEPXHEBOro Au()epeHIiiHOro BimbuBamHSA
HAHOJIIHI BicMyTy IMOKa3yIOTh, III0 ATOMU BiCMYyTy moCi IPUCYTHI Ha IIOBEePXHi migKIaTWUHKN
y HeBeJUuKill KiJbKocTi, OZHAK, ONTUYHI BJACTUBOCTI TaKOl CTPYKTYPU BUBHAUAKOTHCS THMe-
paMu KpeMHio.
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1. Introduction

One of the priorities of the modern con-
densed matter physics is a study of low di-
mensional systems. Growth and properties
of nanoscale surface structures depend on
the state of the substrate surface, including
the surface tension [1-4]. Si(001) recon-
structed surface has a structure that mostly
consists of rows of dimers. These surface
dimers consist of two silicon atoms, each of
which formally has an attached dangling
bond that contains a single electron. The
dangling bonds of the Si surface dimers con-
tribute to the high reactivity of Si(001) sur-
face. It is well known that V-group elements
(As, Sb, and Bi) are used to passivate
Si(001) surface by saturating the Si dan-
gling bonds [3, 5—7]. Adsorbed Bi atoms
form addimers on the top of the silicon
dimer rows and can break Si dimers [6, 8].
Bi/Si(001) is a suitable model system for
testing optical techniques, such as reflec-
tance anisotropy spectroscopy (RAS) and
surface differential reflectance spectroscopy
(SDRS), since it has been well characterized
by many conventional surface techniques,
including low energy electron diffraction [9,
10], STM [10, 11] and Auger electron spec-
troscopy [12, 13].

The RAS [14] and SDRS [15] are used
recently for experimental studies of surface
states of semiconductors and metals. Men-
tioned methods allow exploring the clean
surfaces and interfaces, even under not
high vacuum, and they can show the surface
modification in a real time. One should note
that RAS is a very sensitive technique of
surface investigation and gives well-repro-
ducible spectra [16]. It provides only anisot-
ropy of the surface reflectance (RA), not
the intrinsic optical response of the bulk Si,
therefore the surface without any anisot-
ropy does not have features in the RAS sig-
nal. Moreover, the change of the optical an-
isotropy due to adsorbing molecules con-
tains some information about the mode of
adsorption. In contrast, the SDRS consists
in comparing the reflectance of a clean sur-
face with the modified one and gives deeper
information on the adsorption, because it
provides the relative change of reflectance
[17-20]. The both RAS and SDRS need
theoretical background because interpreta-
tion of the results of such experiments is
possible only with sufficiently strong corre-
lation of the experimental and theoretical
results.
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The present paper deals with optical
properties of Bi nanolines (NLs) on Si(001)
surface. Comparison of optical spectra of
the nanostructures with its morphology al-
lows using the surface optical diagnostic
methods during its industrial production.

2. Experimental

The experiments were carried out in an
UHYV preparation chamber with a basic pres-
sure of 5107 11Torr. Auger electron spec-
troscopy (AES) and scanning tunneling mi-
croscopy (STM) were available for additional
sample characterization. 4°-Misoriented vi-
cinal Si(100) samples were used in the pre-
sent experiments. In this case single-domain
surfaces are formed by narrow terraces,
which are separated by double steps, where
all Si dimers have the same orientation.
This allows one to measure RA spectrum,
which is induced by the specified orienta-
tion of Si dimers [21, 22]. After heating at
600°C during one night by direct-current
heating, the Si samples were flashed at
1200°C for few seconds to remove the oxide
layer [28]. Four flashes were necessary to
ensure the total removal of the oxide layer
and get a maximum of anisotropic signal
[24].

Line arrays were created by depositing
0.5 (Bi/Si(001)-0.5 ML) and 1 (Bi/Si(001)-
1 ML) monolayer (ML) of Bi on a clean sili-
con surface at a rate of about 0.07 nm/min
in the desorption regime (Bi(Ng7045045
101 eV) and Si(Lp3VV 92 eV). Auger line
intensities are used to measure the Bi depo-
sition rate [12]). During deposition the sub-
strate was raised to the maximum tempera-
ture of 450°C and after deposition the over-
layers were annealed at this temperature for
up to 15 min. Under these preparation con-
ditions, perfectly straight, atomically per-
fect lines form on the Si(001) surface, each
up to several hundred nanometers long [25].

All the optical measurements were per-
formed at the room temperature by use of a
self-made apparatus [26]. A halogen lamp in
range of 450+850 nm and a high pressure
Xe lamp in range of 300+550 nm are used,
together with a monochromator and a Glan
prism to select the polarisation of incident
light. The incident light is reflected back
from the sample surface, through the sec-
ond Glan prism, into a photomultiplier.

Refraction (n) and absorption (x) indexes
and the interface thicknesses (d) are calcu-
lated with the help of ellipsometric parame-
ters y and A (tanye’® = r,/r,, where r, and
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a)

Fig. 1. STM image of 0.5 ML of bismuth (a) and Bi nanolines (b) on Si(001) surface. STM measure-
ments were performed at the room temperature in constant current mode with negative sample bias

(Vg -1.5 V.

r, are the complex incidence reflectances
for two polarizations parallel to the princi-
pal axes for the (001) crystal face, along x
and y directions, respectively, which are
parallel and perpendicular to the Si-Si di-
mers, respectively), which are experimen-
tally measured for the set of angles in a
vicinity of the principal angle of incidence
in the wide spectral range from 0.3 to
1.18 um. Both n and x values were calcu-
lated in the approximation of the thin
Bi/Si(001) interfaces on the thick erystalline
silicon substrate [27, 28].

The RA signal, defined as a real part of
the difference between complex reflectances
of amplitude, measured at normal incidence
for two orthogonal polarizations of light:

r.—r
Tt Ty
Ellipsometric parameters are measured in
the experiments and the RA signal is de-
fined as [29]:

I —9 1 — tan?y
RAS™ 21 4 tany + 2tanycosA’

(2)

One should note the RA signal from the
surface is relatively small and the effects of
residual strain in the UHV-compatible win-
dow have to be taken into account to reduce
it [80]. We defined "zero” position by using
the oxidized Si(001) sample, with estimated
error of about 2.1075.

The SDRS gives the reflectance differ-
ence between the clean surface and post-
processed surface:

Functional materials, 23, 3, 2016
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where Rg; and Rpyg; are the reflectivities (in
intensity, i.e. the square of the reflectance:
R =|r2 in the case of normal incidence) of
the clean Si surface and of the Bi/Si(001)
interfaces respectively. The surface differ-
ential reflectance (SDR) can be measured
either with polarized or unpolarized light.
The estimated error (defined by the series
of measurements) is about 3-1075.

3. Results and discussion

Typical STM images of Bi/Si(001)-0.5 ML
interface before and followed by annealing
at 450°C are shown on Fig. 1. One can see
that deposited Bi forms an island film on
the Si(001) wide terrace (Fig. 1a), annealing
at 450°C leads to Bi NLs forming (Fig. 1b).
Length of the lines extends beyond the
maximum field of view (100x100 nm?). Re-
cent high resolution STM image (inset
image in Fig. 1b) shows some features (a
double dot across the bismuth NLs), which
appear on the STM image. One should note
that these features tend to align diagonally
with each other, even forming the local
c(4x4) pattern in the places.

The NLs are formed by four dimers and
have 15.8 A wide. The bright dimerlike fea-
tures making up the nanoline lie between
the underlying Si dimers, in line with the Si
dimer rows. As it was measured, the spac-
ing between the nanoline features is 5.8 A
(Fig. 1). According to [31, 32] a simple
nanoline model, with two adjacent Bi ad-di-
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Fig. 2. Values of refraction (a) and absorp-
tion (b) indexes of Si(001) surface, 500 nm Bi
coverage of Si(001) surface (Bi 500 nm),
Bi/Si(001)-0.5 ML (Bi 0.5 ML) and
Bi/Si(001)-1 ML (Bi 1 ML) interfaces, and
corresponding Bi nanolines (NL Bi 0.5 ML,
NL Bi 1 ML) as functions of incident photon
energy.

mers sitting on top of the Si dimer row,
reproduces most of the aspects of the de-
tailed STM data.

The deposition of 1 ML of bismuth leads
to perfect Bi film forming on the Si(001)
surface. This film forms Bi nanolines with
the higher concentration compared to the
Bi/Si(001)-0.5 ML interface.

The values of refraction (n) and absorp-
tion (K) indexes as functions of the incident
photon energy are shown in Fig. 2. For com-
parison, Fig. 2 also presents the spectral de-
pendences of n and K for the crystalline
silicon Si(001) and thick Bi film (thickness
is of 500 nm) on the Si(001) substrate. Ob-
tained optical constants are in a good agree-
ment with the real and imaginary parts for
silicon [33, 34] and bismuth [35, 36] given
in the literature and determined using other
characterization techniques. In our previous
work [37], we have shown that simulation
of spectral dependences of reflectivity can
not be done using the simple optical model
(air/smooth film/substrate). According to
[38] the dependences of refraction and ab-
sorption indexes for thin layers, obtained at
the same wavelength, aren’t constant and
can have different shapes first of all as a
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Fig. 3. Determination of the band gap of
Si(001) surface, Bi/Si(001)-0.5 ML (Bi
0.5 ML) and Bi/Si(001)-1 ML (Bi 1 ML) in-
terfaces, and corresponding Bi nanolines (NL
Bi 0.5 ML, NL Bi 1 ML) as function of pho-
ton energy for indirect gap semiconductor
(oahrv)l/2,

result of the differences in technological
processes of the structure preparation. In
fact, several parameters such Bi coverage
rate, biaxial stresses and modification of
the surface states must be taken into ac-
count in the caleculation. Comparative analy-
sis of n and K spectral dependences shows
that the feature of refraction index at ener-
gies hv=3.2+3.4 eV in Si(001) is reproduced
well for Bi/Si(001) interfaces, with thick-
nesses of 0.5 ML and 1 ML, and Bi NLs,
which are formed by these interfaces. One
should note, that optical thicknesses of
mentioned structures are 1.2 nm for
Bi/Si(001) interfaces, 0.8 nm for Bi NLs and
487 nm for the thick Bi film. As one can
see, the bismuth surface structures lead to
modification of the surface states of Si
(001) and may cause interface stress [39],
which leads to appearance of differential
optical conductivity. Significant feature of
the absorption spectra is that k values for
Bi/Si (001) interfaces and Bi NLs are compa-
rable to or even exceeds the corresponding
value for Si (001) in the energy range of
hv > 2.5 eV (the value of k¥ for bismuth less
than the value of x for Si(001) in the range
of hv > 3.4 eV).

The band structure of the mentioned in-
terfaces can also be revealed by analyzing
the spectral dependence of (0hv)l/2, where
o = 2nK/\ is the absorption coefficient of
the structure. Fig. 8 shows the spectral de-
pendence of function (ohv)l/2 of vicinal
Si(001) surface, Bi/Si(001) interfaces and Bi
nanolines (formed by Bi/Si(001)-0.5 ML and
Bi/Si(001)-1 ML) for determination of the
band gap of the structures as indirect band
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Table. General characteristics of the ab-
sorption edge in Bi/Si(001) systems

Sample Band gap

(E,), eV
Si(001) [37] 1.18
Bi/Si(001)-0.5 ML [37] 1.48
NLs formed from 1.30

Bi/Si(001)-0.5 ML (NL Bi 0.5 ML)
Bi/Si(001)-1 ML [37] 1.58
NLs formed from 1.34
Bi/Si(001)-1 ML (NL Bi 1 ML)

gap semiconductors. The band gap (Eg) is
determined by extrapolating the straight
line portion of the spectrum to 0. The meas-
urements reveal that the both Si surface
and Bi/Si(001) interfaces are highly trans-
parent in the IR range and have less intense
adsorption in the range of 1.5-2.5 eV.
Table exhibits the values of the band gap
estimated from absorption spectra of
Si(001) surface and Bi/Si(001) interfaces
(Eg). The band gap for Si(001) at the room
temperature corresponds to the fundamental
I'y5—X; transition and is 1.12 eV [40],
which is in a good agreement with the value
found in our study (E, = 1.13 eV). One can
see a blue shift of the absorption edge, i.e.
the band gap widening is caused by Bi depo-
sition. The increase of the band gap is
caused by changes in the structure of the
silicon surface, when the bismuth coverage
increases from 0.5 ML to 1 ML. Herein, the
Si(001) surface reconstructs from the struec-
ture 2x1 to 1x1, which is accompanied with

the disappearance of o (Si-Si) level, which
corresponds to the bonds between the atoms
of the surface Si dimers [37]. The Si dimers
restoration and nanolines formation leads to
decrease of the band gap.

Fig. 4 shows RAS spectra for vicinal
Si(001), Bi/Si(001) interfaces (0.5 and
1 ML), and Bi nanolines formed by
Bi/Si(001)-0.5 ML and Bi/Si(001)-1 ML. As
shown by the experimental and theoretical
studies, main contributions to the RA spec-
trum of vicinal Si (001) surface with energy
below 3 eV originates from dangling bonds
and steps. Important contribution is also
due to bulk transitions modified in the vi-
cinity of the surface. For the Si (001) sur-
face spectrum a weak minimum at 1.45 eV
is observed, this minimum is attributed to
optical transitions between occupied and un-
occupied surface bands corresponding to hy-
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Fig. 4. Reflectance anisotropy spectra of vici-
nal Si(001) surface, Bi/Si(001)-0.5 ML (Bi
0.5 ML) and Bi/Si(001)-1 ML (Bi 1 ML) in-
terfaces [37], and corresponding Bi nanolines
(NL Bi 0.5 ML, NL Bi 1 ML).

bridization along the dimer rows of m and

n* states of the Si dimers [9, 41, 42]. On the
other hand, according to theoretical calcula-
tions, the contribution of steps to the re-
flectance anisotropy spectrum appears as
small peaks with positive sign in 1.5+1.6 eV
range and broad peaks with negative sign in
2.2+83 eV range [41, 43].

All spectra (Fig. 4) have been obtained
on vicinal Si(001) surface. It can be seen
that Bi/Si(001) surface with the coverage of
0.5 and 1 ML exhibits interesting results:
the RA spectrum contains peaks at 1.6 and
2.25 eV. When bismuth adsorbed on the Si
surface is maintained at the room tempera-
ture, it results in a reordered surface,
where the Si dimers are broken and Bi di-
mers appears. As a result, slight increase of
intensity of the reflectance anisotropy spec-
tra was observed around 1.5 eV at 0.5 ML
Bi covering. In Fig. 4, the region about
1.6 eV shows dramatic changes after 1 ML
deposition of Bi, the RAS spectrum becomes
positive. However, theoretical calculations
[37] show that there are no vertical transi-
tions with energy 1.6 eV in Bi/Si(001)-1ML
structure. The experimental study of the
absorption spectra of Bi/Si(001)-1 ML sur-
face shows no light absorption with energy
1.6 eV [37]. On the other hand, according
to the principle of calculation of the reflec-
tance anisotropy spectrum (2), subtraction
of surface reflectivity for light with differ-
ent polarization is normalized by total re-
flectivity of the surface. Thus, despite the
small value of the total light absorption the
reflectance anisotropy of the surface can be
evaluated, and positive RAS data of
Bi/Si(001)-1 ML (in the region around
1.6 eV) surface may be caused by the pres-
ence of S-type steps [44]. The RA spectra of
NLs faintly differ from the RA spectra of
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Fig. 5. Surface differential reflectance spec-

tra of Bi/Si(001)-0.5 ML (Bi 0.5 ML) and

Bi/Si(001)-1 ML (Bi 1 ML) interfaces [37] (a),

and corresponding Bi nanolines (NL Bi

0.5 ML, NL Bi 1 ML) (b).

vicinal Si, because the Si features are domi-
nating in the spectrum. As one can see (Fig.
1), Bi NLs covers a little of the Si surface,
so the difference in reflectance is com-
pletely depend on Si, but some features
around 1.6 eV indicates the presence of the
Bi dimers.

According to [45], the SDRS provides
more accurate determination of the spectral
features due to exclusion of contribution
from the substrate, and may unravel the
bonding mode of different kinds of mole-
cules on Si(001), which provides clear dis-
crimination between the breaking of the
surface Si dimers and their restoration upon
the Bi nanolines formation [29]. Fig. 5
shows the surface differential reflectance
spectra for the Bi/Si(001) interfaces with
0.5 and 1 ML of Bi covering and for Bi NLs
formed by mentioned interfaces. Vicinal
Si(001) is used as pure, preprocessed sur-
face. According to [37] the sign of SDRS
data for certain energy range is determined
as relation between the values of light re-
flectivity of the clean substrate surface and
the surface structure, created on this sub-
strate. Herewith, negative wvalues of the
surface differential reflectance spectrum in-
dicate, that the reflection coefficient of the
clean substrate surface is greater than the
reflection coefficient of the surface struc-
ture; positive values appear in the opposite
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case. The SDRS exhibits both transitions
corresponding to the Si (001) surface and Bi
atoms. Negative values of the SDR spec-
trum of the Bi/Si(001)-1 ML interface with
energy below 3 eV corresponds to decrease
of the light absorption after coating 1 ML
of bismuth. One can see the SDRS minima
near 1.8 eV (Fig. ba), which correspond to
the transition between the bonded (m) and
antibonding (n”) orbitals of the surface sili-
con dimers [46], for the Bi/Si(001) inter-
faces, and there is no minima at 1.8 eV for
Bi nanolines (Fig. 5b). This feature appears
after bismuth adsorption due to saturation
of Si dandling bonds and disappears when
surface of Si dimers restore upon Bi nanoli-
nes creation. Thus, the SDRS provides a
possibility of distinguishing the spectral
components, which correspond to the bis-
muth atoms adsorbed on the silicon surface.

4. Conclusions

We performed a complex study of the
optical properties of Bi/Si(001) interfaces
and Bi nanolines on Si(001) surface, and
compared them with the corresponding pa-
rameters for crystalline Si(001).

The experimental results revealed the
blue shift of absorption edge of Bi/Si(001)
interfaces with increasing degree of bis-
muth coverage from 0.5 to 1 ML. We at-
tributes this to the breaking of the Si dimer
bonds and transformation of Si(001) surface
structure from 2x1 to 1x1. Annealing at
450°C forms perfect Bi nanolines, restores
Si dimer bonds and leads to decreasing the
edge of absorption. The quantity or concen-
tration of nanolines affects on the absorp-
tion edge.

RAS reveals the spectrum features
around 1.6 eV and 2.25 eV. RAS signal in
energy range near 1.6 eV increases with in-
creasing the bismuth coverage and becomes
positive for Bi/Si(001)-1 ML. The restora-
tion of the Si dimers and Bi nanolines for-
mation leads to decreasing the RAS signal
near 1.6 eV.

Further work should be done, attempting
to find the features of the RAS and SDRS
signal formation. This allows to obtain in-
formation on the electronic structure and
dynamics of the exited states in subsurface
region.
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