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The Bi(111) surface exhibits a pronounced surface state which acts as dominant transport channel for electric
current. We performed in situ four-point probe resistance measurements for thin Bi(111) films on Si(001) to study
electron scattering effects in this two-dimensional (2D) electron gas. The surface morphology was manipulated by
additional deposition of Bi at 80 K. A linear increase of surface resistance was measured at extremely low coverage
of less than 1 % of a bilayer (BL) and the slope gradually decreases with coverage up to about 0.5 BL. This
behavior was qualitatively explained applying a simple picture of electron scattering at adatoms or small islands
during the early stages of growth in Bi(111) homoepitaxy. Beyond 0.5 BL resistance changes periodically showing
an antiphase correlation with roughness-induced LEED (00)-spot intensity oscillations, indicating the scattering of

electrons at island edges. [DOI: 10.1380/ejssnt.2010.27]
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I. INTRODUCTION

The semimetal bismuth (Bi) is an extensively studied
material in solid state physics because of its extreme phys-
ical and electronic properties. It has the highest resis-
tivity and Hall coefficients among all metals and exhibits
unusual transport phenomena due to very low carrier den-
sity and large carrier mobility. The bulk band structure
of Bi exhibits tiny hole and electron pockets at the 7" and
L points in the Brillouin zone [1]. This causes the large
Fermi wavelength (A ~ 30 nm) and carrier mean free
path of a few microns [2—4]. This leads to the first obser-
vation of quantum size effects in thin films in 1966 [5].

In recent years, the interest in epitaxial Bi films has
increased dramatically because high quality Bi(111) films
have shown intriguing electronic properties near the Fermi
level which are defined by strong spin-orbit split surface-
state bands [6-8]. From recent photoemission stud-
ies [7, 9-11], it was estimated that the carrier density in
this surface state is nearly two orders of magnitude higher
than in the bulk of the film. Hence the Bi(111) surface
may be used as a model system of an ideal 2-dimensional
(2D) metal. Recently, Hirahara et al. [12] have performed
an experiment to directly determine the surface state con-
ductivity via micro-four point probe measurements in ul-
trathin Bi films. The Bi surface state was destroyed by
oxidizing the surface. From the surface conductivity dif-
ference before and after the oxidation, an absolute value
of the surface state conductivity oy, = 1.5 x 1073 Q~1/0
with a carrier density of n, ~ 10'3 cm ™2 was determined
which is very large as compared to the corresponding bulk
value.

This destruction of the surface state may be consid-
ered as the most dramatic manipulation of the 2D con-
ductivity. In order to study scattering effects during 2D
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electron transport it is desirable to introduce morpholog-
ical defects in a more subtle manner. In this paper, we
will report on a preliminary novel study of the controlled
manipulation of the 2D surface state conductivity. Bi
adatoms and islands are introduced as scatterers for elec-
trons in the surface state by additional deposition of sub-
bilayer coverages of Bi on a smooth Bi(111) base film at
80 K. The simultaneous measurement of surface resistance
and surface morphology allows the direct correlation be-
tween island size and scattering efficiency. This unique
way of measurements allows to investigate the scattering
of charge carriers at adatoms or small islands in a 2D
electron gas system. A smooth surface could be regained
after annealing the film up to 450 K without building of
additional roughness.

II. EXPERIMENTAL

The measurements were performed in a UHV cham-
ber with a base pressure of less than 2 x 107'° mbar.
The surface crystal structure and the morphology of the
substrate and the film were analyzed by a high resolu-
tion SPA-LEED system [13, 14]. The change of the sur-
face morphology during deposition was monitored by the
SPA-LEED using a second electron gun in a RHEED-
like geometry [14]. A well oriented p-type Si(001) wafer
(miscut<0.2°) with a resistivity of 1000 -cm was cut
into substrates of (35 x 4 x 0.5) mm? size. High resistivity
Si was chosen for the substrate since it behaves like an
insulator at low temperature due to the freeze-out of car-
riers. The electrical resistance was determined in situ by
macro-four-point probe (4PP) measurements using tung-
sten disilicide (WSiz) pads as electrical contacts. The
preparation of stable WSis pads on Si and the resistance
measurement scheme have been described elsewhere [15].

A clean Si(001) surface was prepared in situ by de-
gassing the substrate at 870 K for 6 hours and flash an-
nealing at 1470 K for a few seconds by resistive heating.
This process removes the native oxide and results in a
(2 x 1) reconstruction at room temperature and c¢(4 x 2)
at 80 K (only on the area where no tungsten was de-
posited) [16-18], indicating a clean and defect-free sur-
face [19-22]. The sample can be cooled down to 80 K by
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FIG. 1: (a) Resistance of well-annealed Bi(111) films as a function of thickness at 80 K. Dotted line is drawn as a guide to eyes.
(b) Schematic view of the electron scattering and transport in Bi films on Si(001). Since at low temperature the surface state
electron density in Bi is higher than at the film (ns > n.), the surface provides a dominant channel for charge transport.

using a liquid nitrogen cryostat attached to the sample
holder.

Deposition of high-purity Bi (purity: 99.9999 %)
was carried out by thermal evaporation from a directly
heated ceramic crucible mounted in a water-cooled cop-
per shroud. During deposition, the residual pressure was
better than 4x1071° mbar. A high quality Bi(111) base
film was prepared on a Si(001) substrate following a recipe
resulting in extremely smooth Bi(111) surfaces with large
terraces [23]. A deposition rate of 0.6 bilayer/minute
(BL/min) [I BL=1.14x10% atoms/cm? with a thickness
of 0.394 nm| was maintained during each deposition pro-
cess. The deposition rate was monitored by a quartz crys-
tal microbalance. A precise thickness calibration was ob-
tained from BL intensity oscillations of the LEED (00)-
spot intensity with coverage during Bi deposition on the
Bi(111) base film [24].

III. RESULTS AND DISCUSSION

A. Smooth Bi(111) base films at 80 K

The electrical transport measurements were performed
at 80 K on various smooth Bi(111) base films prepared
as described above. Prior to each measurement the mor-
phology of the films was analyzed by SPA-LEED to con-
firm that all the films have a smooth surface. Figure 1(a)
shows the resistance of these Bi films from ¢ = 2 nm to
50 nm thickness. The data clearly show a constant resis-
tance within the range of reasonable experimental errors.
The resistance of the Si substrate at 80 K is Rg; = 30 k{2,
which is three times higher than the Bi base film resis-
tance and therefore may be neglected. During the course
of the experiment the contribution of the Si substrate to
the current transport stays constant and is independent
of the film preparation. It may therefore be considered as
a constant resistance parallel to the Bi film resistance.

Obviously the constant resistance up to 50 nm thickness
could not be explained by bulk-like transport expecting a
1/t (t=film thickness) behavior or by thin film transport
with additional surface scattering according to the Fuchs-

Sondheimer model [25, 26] expecting a 1/t? behavior. The
constant resistance is only explained if the surface offers
the dominant channel for electrical transport which is pro-
vided by a metallic surface state as previously detected
by photoemission spectroscopy measurements [8]. We as-
sume the situation as sketched in Fig. 1(b). Since the
surface electron density (ns) is much higher than the elec-
tron density in the bulk of the film (n.) [12], the current
mainly flows through the surface state. The contribution
of the bulk of the Bi film to the current transport is neg-

ligible because the carrier density is of the order of only
10'7 cm 3.

B. Bion Bi(111) base film at 80 K

In a next step additional Bi was evaporated on a 9 nm
Bi(111) base film at 80 K. We have chosen such a small
thickness because any contribution to the conductivity
from the bulk of the Bi film will be minimized. The
solid red line in Fig. 2(a) shows the relative change of
the film resistance as a function of additional coverage.
The relative change of the resistance was calculated via
AR/Ry = (R(t) — Ro)/Ro, where R(t) is the measured
resistance with increasing thickness ¢t and Ry is the initial
resistance of the base film. In the following, the overall
resistance behavior will be explained by dividing it into a
(1) low coverage (< 0.5 BL) and (2) high coverage regime
(> 0.5 BL).

1. Low coverage regime (<0.5 BL)

The resistance increases drastically at the early stages
of growth and the increase slightly slows down until 0.5 BL
(Fig. 3). Within half a BL coverage, the resistance in-
creases nearly 17 % of the initial base film resistance.
Within the additional 0.5 BL coverage, the measured
relative resistance can be separated into three different
regimes, i.e., 0-1 %, 1-10 %, and 10-50 % of a bilayer,
considering the change of slope as a function of thickness.
A close inspection indicates that the curve could be fit-
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FIG. 2: (a) Relative change of resistance (red curve) and the LEED (00)-spot intensity (green curve) during additional deposition
of Bi on Bi(111) base films at 80 K. The LEED (00)-spot intensity oscillation reflects a 2D bilayer-by-bilayer growth mode.
Periodic change of the (00)-spot width (the blue symbol) shows a variation of island density during deposition. Such a periodic
change of surface morphology also induces an oscillation of the resistance. The oscillation amplitude could be observed up to
four maxima (blue arrows). (b) Relative change of resistance with coverage during additional deposition of Bi on Bi(111) base
films at RT and 450 K. The resistance immediately decreases with coverage exhibiting a bulk-like behavior.

ted with linear function (x ©) at extremely low coverage
regime and square of the cubic root function (o ©2/3) up
to 10 % of a BL coverage (Fig. 3). Beyond 10 % of a BL,
the slope decreases further with coverage up to 0.5 BL.

The first linear regime, up to 1 % of a BL, could be
easily explained in the context of early stages of growth
in Bi(111) homoepitaxy. During the additional deposition
Bi atoms are randomly adsorbed on commensurate sites
of Bi(111) surface. Due to the low deposition temperature
these adatoms can hardly diffuse across the surface and
therefore statistically distributed as isolated point defects.
Since the adatom density is too low for the nucleation of
islands, each individual adatom acts like a single scatterer
for conduction electrons in the surface state with a scat-
tering cross-section of an individual Bi adatom £2;. As
a consequence the resistance increases linearly with the
adatom density ny or Bi coverage ©. Hence:

AR/Ry x (21 -n1) x O. (1)

In the second regime between 1—10 % of a bilayer cov-
erage the slope of AR/Ry continuously decreases. With
increasing coverage the adatom density becomes high
enough for the nucleation of stable 2D-islands. The in-
creasing number of islands must act as scattering centers
for the 2D transport in the surface state. In the following
we apply a simple Drude-type approach of electron scat-
tering to explain the observed behavior. The scattering
probability of the electrons in the surface state is assumed
to be proportional to the density of islands multiplied by
the island perimeter as scattering cross section. Thus for
a higher density of islands at higher coverage a lower value
of scattering mean free path [, would be expected.

In a STM study [27] of the nucleation regime of Bi on
Bi(111) it was shown that the island density n, increases
with the cubic root of Bi coverage n, ~ ©/2. Thus the
average island size increases as A, ~ O/n, ~ ©2/3 and

the average perimeter as p, ~ A}/Q ~ O3 With the

mean free path of the electrons I, ~ 1/n, and a scattering
cross-section proportional to p, we expect a change of
resistance

AR/Ry ’li’” ~ 03,

x

(2)

At least up to 10 % of a BL, the 2/3 dependence matches
the data well (solid green line in Fig. 3). Beyond 10 % of
a BL, the slope of the resistance gradually decreases and
levels off at 0.5 BL. The decrease of the slope might be
caused by the opening of an additional path of electron
transport through the surface state in 2D islands as the
island size becomes larger than the surface state electron
mean free path I, i.e., 5 nm in the case of Bi(111) [12].
This trend continues until the coalescence regime, since
island size increases with coverage, and therefore we see an
increased contribution of electron transport by a gradual
decrease of resistance slope (Fig. 3).

2. High coverage regime (>0.5 BL)

Beyond 0.5 BL the resistance shows weak oscillations
before it finally starts to decrease monotonously. The
period of the oscillation matches with the period of the
LEED (00)-spot intensity oscillations. The maxima, how-
ever, are in anti-phase correlation as indicated by the ar-
rows in Fig. 2(a), suggesting that the periodic change of
the surface step density causes the oscillation in the rela-
tive resistance.

If growth occurs in a bilayer-by-bilayer mode, the sur-
face roughness or step density oscillates from a minimum
at a complete layer to a maximum at a half integer or-
der of coverage. At the lowest roughness, i.e., the integer
layer coverage, the scattering probability is minimal due
to the minimal surface step density. This results in the
minimal surface resistance. At the highest roughness, i.e.,
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FIG. 3: Relative change of resistance during deposition of Bi on a 9 nm Bi(111) film at 80 K. The solid red line shows the linear
fit of the measured data up to the 1 % of a BL. Inset shows the close-up view of the linear plot. To the right, sketches of the
underlying scattering mechanisms are shown: (i) carrier scattering at adatoms (white protrusions), which causes linear increase
of the resistance, and (ii) carrier scattering at 2D islands (white area), which causes decrease of the slope.

the half integer layer coverage, the scattering probability
is highest due to the maximal step density at surface and
results in the maximal surface resistance. Such a peri-
odic variation of the surface step density modulates the
resistance and shows up as an oscillation.

The periodic change of surface morphology was addi-
tionally investigated through the precise roughness anal-
ysis during deposition via recording the full width at half
maximum (FWHM) of the diffuse intensity of the (00)-
spot profiles, which is inversely proportional to the lat-
eral size of the islands [14]. The blue circles (scale on
the right y-axis) in Fig. 2(a) show the FWHM of the dif-
fuse intensity, with a maximum at the minimum of the
LEED intensity peak and vice versa. Thus the periodic
BL variation of the step density explains the resistivity
oscillations.

Despite a constant period (1 BL) of all three oscilla-
tions, i.e., resistance, FWHM and the (00)-peak intensity,
small change of the peak positions of the maximum or the
minimum for all oscillations are observed. This behavior
reflects the slight variation of the layer distribution dur-
ing growth. That means the second layer starts before
the completion of the first layer as growth proceeds. Such
a variation of layer distribution slightly shifts the peak
position towards higher coverage in the resistance curve.
In the course of the deposition, the oscillation amplitudes
are strongly damped and finally disappear at higher cov-
erage, caused by the gradual increase of surface roughness
with coverage, as indicated by the reduced amplitudes of
the LEED (00)-spot intensity peaks in Fig. 2(a).

Finally, at higher coverage, the resistance decreases
rapidly and monotonously, showing a typical thickness-
dependent resistance behavior as in metallic thin
films [28]. This seems like a paradox in a sense that al-
most all surface states may be destroyed due to the in-
creasing surface roughness and the resistance is still de-
creasing monotonously with coverage. This is a strong
hint that only those excess carriers which are spilled out

of the surface states to the conduction band may take
part in the electrical conduction. However, this is yet to
be confirmed by systematic experimental investigation.

C. Bion Bi(111) base film at higher temperatures

In contrast to the measurements at 80 K, the resistance
decreases immediately for deposition of Bi on smooth
Bi(111) base films at room temperature (see Fig. 2(b)).
This is due to two effects: the carrier concentration in-
creases with temperature in Bi films and results in a dom-
inating bulk conductivity of the films [12]. In addition the
growth mode changes from bilayer-by-bilayer to step-flow
mode as the deposition temperature is increased [24].

As in the case of metallic films on semiconductor such as
Ag films on Si [28], obviously, the films have shown a typi-
cal thickness-dependent 1/t? behavior following a classical
electron scattering model of Fuchs-Sondheimer [25, 26].
The decrease of the resistance occurs faster at 450 K than
at RT, which is caused by the increased probability of
specular reflection p due to improved growth at 450 K.
At RT, growth proceeds in a quasi step-flow mode [24]
and a slight buildup of surface roughness always occurs,
which contributes to the resistance by reducing the value
of p. In contrast, at 450 K, growth proceeds in a perfect
step-flow mode (i.e., constant step density with coverage)
and therefore additional contribution to the resistance de-
creases drastically due to nearly 100 % probability of spec-
ular reflection at surface boundary, i.e., the value of p close
to 1. This causes the decrease of the resistance even faster
at 450 K (Fig. 2(b)).

IV. CONCLUSION

We have shown that electron transport in Bi films at
80 K is dominated by the transport through the surface
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state. This was used as a model system to study the elec-
tron scattering effects in a 2D electron gas system during
additional deposition of Bi at 80 K. We observed clear
evidence of electron scattering at single adatoms and the
scattering at island edges. A simple picture of electron
scattering and the early stage homoepitaxial growth of
Bi(111) were applied to explain the resistance behavior.
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