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Electrostatic Force Spectroscopy and Imaging of Bi Wires:
Spatially Resolved Quantum Confinement
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We demonstrate that scanning probe electrostatic force microscopy applied to a nanoscale ele
structure can be used for studying the spatially resolved carrier quantized states as determined
screening properties of local surface regions of the structure. The results presented for the
sectional surface of Bi quantum wires elucidate the microscopic nature of quasi-one-dimen
confined states excited by an applied bias voltage, where the single-particle-in-a-box energy quan
competes with the wire boundary enhanced intercarrier Coulomb repulsion. [S0031-9007(99)091

PACS numbers: 73.20.At, 71.10.Ca, 73.20.Dx, 73.61.Tm
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The invention of the atomic force microscope [1] (AFM
has opened a new era of scanning force experime
The second generation electrostatic force microscopy
(EFM) allows us to study spatially resolveds,1 nmd elec-
tronic properties of surfaces containing both conducti
and insulating regions, and, therefore, this technique c
be applied to nanoscale quantum heterostructures. E
measures the axial gradient of the electrostatic force a
ing on a small biased probe as a result of the long-ran
Coulomb interaction with the near-surface charges of t
structure. So far, EFM has been successfully applied to
tecting surface trapped charges [3], to profiling the dopa
concentration in microdevices [4], and to measuring wo
functions [5] of various materials.

Here we show how EFM can be employed to stud
the screening properties of a quasi-one-dimensional (1
electron (or hole) gas excited near the cross-sectional s
face of Bi quantum wires by applying a bias voltag
sVbd with respect to the nearby probe. The study r
veals that EFM bias voltage spectroscopy and imagin
observed at probe-wire distancesshd nearly comparable to
the Thomas-Fermi screening length (l) of the wire carri-
ers, provide direct information on the 1D-quantized car
ers states as a function of energy and spatial position.
these small distancessh , 10 nmd, the electrostatic at-
traction between the Bi wire and the capacitively coupl
probe is reduced as a result of the penetration of an e
tric field, associated with the charged probe, into the w
subsurface region. Assuming the simplest case of a pl
capacitor [6] geometry formed by the probe tip and th
local surface region of the wire, the attractive electrosta
force gradientsF0d acting between them is, then, to firs
order inslyhd given by

F0 
SsVb 2 V0d2

4psh 1 ld3 , l ; s4pe2≠ny≠md21y2. (1)

In Eqs. (1),S denotes the probe tip area,eV0 is the elec-
tron work function of the Bi wire relative to that of the
0031-9007y99y82(19)y3887(4)$15.00
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probe, andl, within the linear screening theory, is in
versely related to the carrier thermodynamic density
states (TDOS)≠ny≠m, wherem is the wire electrochemi-
cal potential controlled by the bias voltageVb . Thus, we
study the TDOS of a single wire for various wire rad
30 # R , 70 nm by measuringF0 as a function of the
probe position in both the diametricalsxd and axialszd
directions, as well as by the bias voltage spectroscopy
F0 obtained at a given pointsx, zd above the wire cross-
sectional surface (see Fig. 1).

The single-crystal Bi wires used in this study we
grown [7] as arrays of parallel wires embedded
insulating Al2O3 templates, as shown in Fig. 1. Sinc
the dielectric constant of the Al2O3 template is low [8],

FIG. 1. Experimental details and geometry for the scann
force study of Bi quantum wires. The probe location above t
cross-sectional surface of a single wire of radiusR is measured
with respect to the wire center in the diametrical directionx
and with respect to the fixed set point in the axial directio
z. (z0 denotes the axial coordinate of the wire surface a
h ; z 2 z0 is the probe-wire distance.)
© 1999 The American Physical Society 3887
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> 1.3, its surface dipole charges contribute negligib
to the measuredF0 and are, thus, disregarded in th
following analysis. The measurements [9] are ma
by a two-pass procedure [10] using, consecutively, t
tapping AFM and lift EFM modes, and operating near th
resonant frequencys> 80 kHzd of the Au-coated etched
silicon probe. In order to control the probe-wire distanc
h, which is, in general, not known precisely, we var
the lift-height z values in the range29 # z # 30 nm
with respect to a fixed set point (so thath ; z 2 z0,
Fig. 1), which is maintained constant throughout th
measurement.

We calculate the 1D-quantized subband levels of t
conduction and valenceL-point energy bands for the
f101̄1g Bi wire growth direction, using the two-band Lax
model [11] and the simplest particle-in-a-box confineme
scheme. These energy bands possess the steepest (n
linear) k dispersion in the wire cross-sectional surfac
plane, and, therefore, they contribute dominantly to t
1D singularities of the density of states. The 1D-subba
edge energy levels, calculated forR  30 nm, and thek
dispersion of the bulk Bi bands are plotted in Fig. 2(a).

Figure 2(b) presents theVb-spectroscopy of the mea-
suredF0. For bulk Bi, we observe small deviations o
the measuredVb dependence from the parabolic fitting
function [dashed curves in Fig. 2(b)], which is expecte
from classical electrostatics. These deviations, howev
increase for the Bi wires with decreasingR, while clear
oscillations develop. The observed oscillations are iden
fied, by the normalizedF0-spectra analysis, with the strong
variations of the TDOS in the Bi wires, yielding a high
TDOS (a lowl) as the wire electrochemical potentialm is
raised by the externalVb to pass through the 1D-subban
edges [see Eqs. (1)]. Then, in accordance with the c
culated quantized levels shown in Fig. 2(a), the deep
minimum observed in each normalizedF0-spectrum [see
Fig. 2(b)] corresponds to theL-point quasigap, and this
minimum becomes deeper asR decreases. The peaks
observed below and above this quasigap minimum a
attributed to the 1D-subband edges of theL-point con-
duction band (lowerVb) and valence band (higherVb),
respectively. A lack of symmetry between the observ
conduction and valence band peaks can result from
effect of remoteL-point bands as well as of the highes
T -point valence band. TheT -point band is expected to
contribute mostly to the positive (hole) charge appeari
near the wire surface, while applying a more positive bi
voltage with respect to the minima of the fitting parabola
[shown by vertical arrows and denoted byV0 in Fig. 2(b)].
These minima, to a good approximation, represent the re
tive position of the Bi electron work functioneV0 with re-
spect to that of the probe. As can be seen from Fig. 2(
with decreasingR, (i) the relative bias voltage position of
V0 with respect toVL gap shifts towards the peak corre-
sponding to the conduction subband; (ii) the value ofV0
moves towards a more positive bias voltage. Assumi
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FIG. 2. (a) BiL-point in-planek dispersion and 1D-quantized
energy levels (vertical bars correspond toR  30 nm for
“heavy” and “light” subband edges) of af101̄1g-oriented wire
calculated by particle-in-a-box quantization of the conductio
and valence energy bands. The resulting quasigapEL gap
between the lowest conduction and highest valence subba
levels is shown by the horizontal arrow. The vertical arrow
indicates the position of the Fermi levelEF calculated relative
to the quasigap midpoint, which is arbitrarily chosen to be a
zero energy. (b)Vb-spectroscopy of the electrostatic force
gradient sF0d measured atz  23 nm for bulk Bi as well
as for Bi wires of various radiiR near the wire boundary
sx > Rd. The dashed curves are fitting parabolic functions
The curves plotted forR  30 nm and forR  42 nm are up-
shifted for clarity by 0.7 and 0.2, respectively. Also shown
are the measuredF0 curves divided by the corresponding fitting
parabolas (normalizedF 0). The vertical arrow indicates the
minimum of the fitting parabolasV0d and the horizontal arrow
sVL gapd corresponds to theL-point quasigap (see text).

no dependence of the surface potential barrier onR, ob-
servation (i) would be consistent with the calculated shi
of the Fermi levelsEFd deeper into the conduction band
[Fig. 2(a)]. This shift is a result of phonon-assisted ex
citations from the nearestT -point band, being in thermal
equilibrium with theL-point bands. However, our calcu-
lations [Fig. 2(a)] do not take into account surface effec
and, therefore, cannot be used to explain rigorously th
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apparent increase of the Bi wire work function with de
creasingR [observation (ii)].

Two main factors are responsible for scaling up th
calculated single-particle energysEd by experimentally
controllingVb : (1) The electrostatic potential energy shif
of the quantized energy spectrum, which to first order giv
DE > 2slyhdeVb; (2) the self-consistent nature of the
carrier quantum confinement that results in an effective
smaller wire area occupied by bound states (see belo
and, therefore, a larger energy separation between
1D levels is observed. For example, the quasigap (pea
to-peak) values, extracted from Fig. 2(b) in units of th
bias voltage, areeVL gap > 370, 305, and 220 meV for
R  30, 42, and 63 nm, respectively. On the other han
the corresponding calculated energy values areEL gap 
82, 59, and 39 meV. We note that, although larger i
absolute value, the measured quasigap has a nearly lin
dependence onR21 (within 12%), in accordance with the
calculation.

However, as we show below, the simplest single-partic
quantum confinement scheme is not sufficient to descri
even qualitatively the real space distribution ofF0, since
the Coulomb interactions between theVb-excited carriers
strongly perturb the intrinsic quantum states. As present
in Fig. 3(a), theF0 dependence on the probe diametrica
position x shows an enhanced electrostatic attraction
the regions near the wire boundary circumferencesx > Rd.
This is opposite to the expected single-particle density
states distribution, which has a maximum at the wire cen
sx  0d as a result of the quantum interference between t
carrier waves reflected by the wire boundary. Figure 3(
also shows that the near-boundary enhancement of
measuredF0 increases with decreasingz (or h), and this
increase is more pronounced for the smaller wire radi
R  30 nm.

The underlying role of the intercarrier Coulomb repul
sion for the explanation of the observedx dependence of
F0 can be understood in terms of a classical model co
sidering the electrostatic field associated with the charg
-
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FIG. 3. Electrostatic force gradientsF0d: (a) observed at
Vb  0.98 V for Bi wires of R  63 nm (left column) and
R  30 nm (right column) by scanning the probe along th
x axis at variousz values; (b) calculated by Eq. (2), where
h ; z 2 z0 is the probe-wire distance. The inset of (a) show
an F0-image acquired atz  10 nm for theR  30 nm wire.

wire surface, approximated by a perfect metal disk of r
dius R, and felt by a pointlike oppositely charged prob
at a distanceh from the wire surface. Within this model,
F0 is proportional to the second derivative with respe
to h of the electrostatic potential, which is, in turn, give
by solving Laplace’s equation in the free half-space wi
the equipotential disk boundary condition. The solutio
is found analytically [12] to be
F0sx, hd 
Q2

R
≠2

≠h2

"
arctan

(√
x2 1 h2 2 R2 1

p
sx2 1 h2 2 R2d2 1 4h2R2

2R2

!21y2)#
, (2)
e

to
re-
g-
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whereQ is the total induced charge [see Fig. 3(b)]. Thu
the increased attractiveF0, observed atx > 6R, over that
of x  0 is reproduced by the model calculation [Eq. (2)]
which gives F0sR, hd 2 F0s0, hd > Q2ys4R3y2h3y2d for
a small hyR ratio. This enhancement ofF0 near the
boundary is essentially a result of the divergence
the surface charge density atx  6R given by ssxd 
Qyh2pR2s1 2 x2yR2d1y2j. The microscopic mechanism
for such a classical inhomogeneous charge density d
tribution is the increased intercarrier Coulomb repulsio
introduced by the confined conductor geometry.

Within the framework of classical theory, the contribu
tion of the electrostatic attraction between the wire an
s,

,

of

is-
n
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the probe tossxd (which is not taken into account in the
above model) would be dominant at smallh. However,
for the case of the Bi wire, this contribution is weak sinc
h is comparable tol, so that the carrier density distri-
bution induced near the wire surface does not manage
screen the electrostatic field of the scanning probe. The
fore, assuming a perfectly conducting probe with a ne
ligible screening length, we can interpret the variatio
of F0 with x, observed at smallz (or h), in terms of a
local effective screening length of the wire, which take
into account the intercarrier interactions self-consistent
The estimatedl for bulk Bi is > 4 nm, which, accord-
ing to the extrapolatedz dependence ofsF0d21y3 shown
3889
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FIG. 4. (a) The z dependence of the electrostatic forc
gradientsF0d measured underVb  0.98 V for bulk Bi as well
as for the Bi wires of variousR near the boundarysx  Rd
and at the centersx  0d. The dashed lines extrapolate th
plotted values ofsF 0d21y3 to small z values [see Eqs. (1)].
(b) Vb-spectroscopy ofF 0 measured for theR  30 nm wire at
z  29 nm and at various points along thex axis. The dashed
curves are the parabolic fitting functions. The sketch sho
schematically a self-consistent potential profileUselfsxd and the
resulting quantized energy levels induced by the electrosta
charging of the wire.

in Fig. 4(a), gives [13]z0 > 217 nm. Then, we find that
l is systematically lower (i.e., the TDOS is higher) nea
the wire boundaries than at the center, and this differen
increases with decreasingR [Fig. 4(a)].

In Fig. 4(b), we show theVb-spectroscopy ofF0 mea-
sured for R  30 nm at a small value ofz  29 nm
(corresponding toh  z 2 z0 > 8 nm) and for various
positionsx on the wire surface. At thisz value, the ob-
served oscillations are stronger and more widely spaced
Vb (by more than 15%) than those observed atz  23 nm
[see Fig. 2(b)]. Also, the oscillations weaken drama
cally as the probe moves in thex direction only by 9 nm
s> Ry3d towards the center of the wire surface. Th
proves that the induced carriers are squeezed quantum
chanically towards the wire boundaries by a self-consiste
electrostatic charging potentialsUselfd for distances sub-
stantially smaller thanR [see the sketch ofUselfsxd and
the quantized levels in Fig. 4(b)]. Obviously,Uself should
depend on bothVb and z, sinceUself is sensitive to the
amount of induced charge that produces a classical-l
charge density distribution over the wire surface.
3890
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In general, for materials with a quadraticEskd, the
self-consistent charging potential energy per particl
,eQyR, becomes smaller than the quantization energ
,h̄2ympR2, at a sufficiently smallR. However, for the
case of the BiL-point energy bands with a nearly linear
Eskd, the above charging energy does not become smal
than the quantization energy, since both are scaled byR21

(in the range of10 , R , 100 nm). AssumingQ > 10e
(since the probe tip area is rather small), the chargin
energy is evaluated forR  30 nm to be > 480 meV,
which is substantially larger than the calculated energ
separation between the quantized levels [Fig. 2(a)]. Th
explains why the charging effects are so appreciable f
the observed quantum-confined 1D states in the Bi wir
investigated in this work.
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