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We demonstrate that scanning probe electrostatic force microscopy applied to a nanoscale electronic
structure can be used for studying the spatially resolved carrier quantized states as determined by the
screening properties of local surface regions of the structure. The results presented for the cross-
sectional surface of Bi quantum wires elucidate the microscopic nature of quasi-one-dimensional
confined states excited by an applied bias voltage, where the single-particle-in-a-box energy quantization
competes with the wire boundary enhanced intercarrier Coulomb repulsion. [S0031-9007(99)09105-X]

PACS numbers: 73.20.At, 71.10.Ca, 73.20.Dx, 73.61.Tm

The invention of the atomic force microscope [1] (AFM) probe, andA, within the linear screening theory, is in-
has opened a new era of scanning force experimentsersely related to the carrier thermodynamic density of
The second generation electrostatic force microscopy [2tates (TDOSYn /o u, whereu is the wire electrochemi-
(EFM) allows us to study spatially resolvéd 1 nm) elec- cal potential controlled by the bias voltagfg. Thus, we
tronic properties of surfaces containing both conductingtudy the TDOS of a single wire for various wire radii
and insulating regions, and, therefore, this technique caf0 = R < 70 nm by measuringq’ as a function of the
be applied to nanoscale quantum heterostructures. EFIgrobe position in both the diametricat) and axial(z)
measures the axial gradient of the electrostatic force actlirections, as well as by the bias voltage spectroscopy of
ing on a small biased probe as a result of the long-rangé&”’ obtained at a given poir(ic, z) above the wire cross-
Coulomb interaction with the near-surface charges of theectional surface (see Fig. 1).
structure. So far, EFM has been successfully applied to de- The single-crystal Bi wires used in this study were
tecting surface trapped charges [3], to profiling the dopangrown [7] as arrays of parallel wires embedded in
concentration in microdevices [4], and to measuring workinsulating AbO; templates, as shown in Fig. 1. Since
functions [5] of various materials. the dielectric constant of the #D; template is low [8],

Here we show how EFM can be employed to study
the screening properties of a quasi-one-dimensional (1D)
electron (or hole) gas excited near the cross-sectional su

face of Bi quantum wires by applying a bias voltage Wire
(V) with respect to the nearby probe. The study re- | cepter
veals that EFM bias voltage spectroscopy and imaging L | ‘=R
observed at probe-wire distandgs nearly comparable to =1 e g

the Thomas-Fermi screening length) ©f the wire carri- Bias
ers, provide direct information on the 1D-quantized carri-  voltage
ers states as a function of energy and spatial position. A Vs
these small distance@: ~ 10 nm), the electrostatic at-
traction between the Bi wire and the capacitively coupled
probe is reduced as a result of the penetration of an ele«
tric field, associated with the charged probe, into the wire
subsurface region. Assuming the simplest case of a plar .
capacitor [6] geometry formed by the probe tip and the /
local surface region of the wire, the attractive electrostatic

force gradient(F’) acting between them is, then, to first
order in(A/h) given by

FIG. 1. Experimental details and geometry for the scanning
force study of Bi quantum wires. The probe location above the
. SV, — Vo)2 cross-sectional surface of a single wire of radRugs measured
B 4ar(h + A3 with respect to the wire center in the diametrical direction
) . and with respect to the fixed set point in the axial direction
In Egs. (1).S denotes the probe tip areaV, is the elec- ;. (;, denotes the axial coordinate of the wire surface and
tron work function of the Bi wire relative to that of the n = 7 — z; is the probe-wire distance.)

A= (dmePan/opw)” V2 (1)
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= 1.3, its surface/dipole charges co.ntribute negligibly l(a)CaIc. "heavy" subbands
to the measured¥’ and are, thus, disregarded in the g
following analysis. The measurements [9] are made T "W~ light" subbands
g y [9] e [t

by a two-pass procedure [10] using, consecutively, the e I E :
tapping AFM and lift EFM modes, and operating near the o 0%: ([ ED’ "ﬂﬂ :
resonant frequenci= 80 kHz) of the Au-coated etched ot f | E :
silicon probe. In order to control the probe-wire distance -14 conduction ~—F  valence
h, which is, in general, not known precisely, we vary band band
the lift-height z values in the range-9 =< z < 30 nm 0.1 0.0 0.1
with respect to a fixed set point (so that= z — z, Energy E (eV)
Fig. 1), which is maintained constant throughout the b)Exp. Vv, LV_;HP
measurement. 1.0

We calculate the 1D-quantized subband levels of the . o7l _R=30nm
conduction and valencd-point energy bands for the t 1.0 MA\
[1011] Bi wire growth direction, using the two-band Lax m 8 o7l Re42qm "
model [11] and the simplest particle-in-a-box confinement X2 E 1.0
scheme. These energy bands possess the steepest (nearly g 5 0.7, R63nm
linear) k dispersion in the wire cross-sectional surface . Z .o )
plane, and, therefore, they contribute dominantly to the -E = 0.71_Bulk Bi f"
1D singularities of the density of states. The 1D-subband @ ok 10 05 00 05 1.0
edge energy levels, calculated fBr= 30 nm, and thek e | R=30nm% ., Bias Voltage V, V)
dispersion of the bulk Bi bands are plotted in Fig. 2(a). L I |

Figure 2(b) presents th®&,-spectroscopy of the mea- =42nm
sured F’. For bulk Bi, we observe small deviations of 15 | R=63nm 4
the measured/, dependence from the parabolic fitting Bulk Bi
function [dashed curves in Fig. 2(b)], which is expected 5 d
from classical electrostatics. These deviations, however,
increase for the Bi wires with decreasi®y while clear 15 10 05 00 05 10
oscillations develop. The observed oscillations are identi- Bias Voltage V, (V)

fied, by the normalized’-spectra analysis, with the strong

variations of the TDOS in the Bi wires, yielding a high FIG. 2. (a) BiL-point in-planek dispersion and 1D-quantized
TDOS (a lowA) as the wire electrochemical potentjalis ~ €nergy levels (vertical bars correspond = 30 nm for
raised by the external, to pass through the 1D-subband ‘€avy" and “light” subband edges) of [d011]-oriented wire

. . alculated by particle-in-a-box quantization of the conduction
edges [see Egs. (1)]. Then, in accordance with the cals,§ yalence energy bands. The resulting quasigap.,

culated quantized levels shown in Fig. 2(a), the deepeetween the lowest conduction and highest valence subband
minimum observed in each normalizéd-spectrum [see levels is shown by the horizontal arrow. The vertical arrow
Fig. 2(b)] corresponds to the-point quasigap, and this indicates the position of the Fermi level calculated relative
minimum becomes deeper @& decreases. The peaks to the quasigap midpoint, which is arbitrarily chosen to be at
observed below and above this quasigap minimum aréerg- er;e(;?%/' (b)Vb-sgecgosco%y of ]Ehe t? lﬁf tE’-Stat'C fo”rce
radien measured at = —3 nm for bulk Bi as we

attributed to the 1D-subband edges of thepoint con-  as for Bi wires of various radiiR near the wire boundary
duction band (lowerv,) and valence band (highéf,), (x = R). The dashed curves are fitting parabolic functions.
respectively. A lack of symmetry between the observed he curves plotted foR = 30 nm and forR = 42 nm are up-
conduction and valence band peaks can result from thghifted for clarity by 0.7 and 0.2, respectively. Also shown

. . are the measurefl’ curves divided by the corresponding fitting
effect of remotel-point bands as well as of the highest parabolas (normalized”’). The vertical arrow indicates the

T-point valence band. Th&-point band is expected t0 minimum of the fitting parabol&V,) and the horizontal arrow
contribute mostly to the positive (hole) charge appearingV, .,) corresponds to th&-point quasigap (see text).

near the wire surface, while applying a more positive bias

voltage with respect to the minima of the fitting parabolas

[shown by vertical arrows and denoted Wyin Fig. 2(b)].  no dependence of the surface potential barrieRomb-
These minima, to a good approximation, represent the relaservation (i) would be consistent with the calculated shift
tive position of the Bi electron work functioaV, with re-  of the Fermi level(Er) deeper into the conduction band
spect to that of the probe. As can be seen from Fig. 2(b)Fig. 2(a)]. This shift is a result of phonon-assisted ex-
with decreasingR, (i) the relative bias voltage position of citations from the neare§t-point band, being in thermal
Vo with respect toV; ., Shifts towards the peak corre- equilibrium with theL-point bands. However, our calcu-
sponding to the conduction subband; (ii) the valuevpf lations [Fig. 2(a)] do not take into account surface effects
moves towards a more positive bias voltage. Assumin@nd, therefore, cannot be used to explain rigorously the
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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 the
calculated single-particle energ¥) by experimentally
controllingV,: (1) The electrostatic potential energy shift
of the quantized energy spectrum, which to first order gives
AE = —(A/h)eV,; (2) the self-consistent nature of the
carrier quantum confinement that results in an effectively
smaller wire area occupied by bound states (see below),
and, therefore, a larger energy separation between the a
1D levels is observed. For example, the quasigap (peak- x (nm)
to-peak) values, extracted from Fig. 2(b) in units of the
bias voltage, areVy 4,, = 370, 305, and 220 meV for
R = 30, 42, and 63 nm, respectively. On the other hand,
the corresponding calculated energy values&rg,, =
82, 59, and 39 meV. We note that, although larger in
absolute value, the measured quasigap has a nearly linear
dependence oR ! (within 12%), in accordance with the
calculation.

However, as we show below, the simplest single-particle
quantum confinement scheme is not sufficient to describe
even qualitatively the real space distributionfof since
the Coulomb interactions between thig-excited carriers
strongly perturb the intrinsic quantum states. As presented
in F'g 3(a), theF” dependence on the prot_)e diame_trical,;,G_ 3. Electrostatic force gradientF’): (a) observed at
position x shows an enhanced electrostatic attraction ay, = 0.98 V for Bi wires of R = 63 nm (left column) and
the regions near the wire boundary circumferefxices R). R = 30 nm (right column) by scanning the probe along the
This is opposite to the expected single-particle density of axis at variousz values; (b) calculated by Eq. (2), where
states distribution, which has a maximum at the wire centef =,z ~ %o i the probe-wire distance. The inset of (a) shows

. an F’-image acquired at = 10 nm for theR = 30 nm wire.
(x = 0) as aresult of the quantum interference between the
carrier waves reflected by the wire boundary. Figure 3(a)
also shows that the near-boundary enhancement of theire surface, approximated by a perfect metal disk of ra-
measuredr’ increases with decreasing(or 4), and this  dius R, and felt by a pointlike oppositely charged probe
increase is more pronounced for the smaller wire radiusit a distancé from the wire surface. Within this model,
R = 30 nm. F’ is proportional to the second derivative with respect

The underlying role of the intercarrier Coulomb repul-to % of the electrostatic potential, which is, in turn, given
sion for the explanation of the observediependence of by solving Laplace’s equation in the free half-space with
F' can be understood in terms of a classical model conthe equipotential disk boundary condition. The solution
sidering the electrostatic field associated with the charge'd; found analytically [12] to be

-1/2
0% 9 x>+ h2 — R? + /(x2 + h2 — R?)? + 4h2R?
/ = 7
Fl(x,h) = —- - | arcta R? : (2)

(a) Experiment
R=63nm

R=30nm

—
W

F' (arb. units)

>
J

(b) Charged metal disc model

whereQ is the total induced charge [see Fig. 3(b)]. Thds,the probe too(x) (which isnot taken into account in the
the increased attractivie/, observed at = *R, overthat above model) would be dominant at small However,
of x = 0is reproduced by the model calculation [Eq. (2)], for the case of the Bi wire, this contribution is weak since
which gives F/(R,h) — F'(0,h) = Q2/(4R3*?K3/%) for  h is comparable tor, so that the carrier density distri-
a small #/R ratio. This enhancement of’ near the bution induced near the wire surface does not manage to
boundary is essentially a result of the divergence ofcreen the electrostatic field of the scanning probe. There-
the surface charge density at= =R given byo(x) =  fore, assuming a perfectly conducting probe with a neg-
Q/{27R*(1 — x*/R»)'2}. The microscopic mechanism ligible screening length, we can interpret the variations
for such a classical inhomogeneous charge density disf F’ with x, observed at smalt (or %), in terms of a
tribution is the increased intercarrier Coulomb repulsionlocal effective screening length of the wire, which takes
introduced by the confined conductor geometry. into account the intercarrier interactions self-consistently.
Within the framework of classical theory, the contribu- The estimated\ for bulk Bi is = 4 nm, which, accord-
tion of the electrostatic attraction between the wire andng to the extrapolated dependence ofF’)~!/3 shown
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FIG. 4. (a) Thez dependence of the electrostatic force

gradient(F') measured unde¥, = 0.98 V for bulk Bi as well
as for the Bi wires of variou® near the boundaryx = R)

and at the centetx = 0). The dashed lines extrapolate the
plotted values of(F’)~'/ to small z; values [see Egs. (1)].

(b) V,-spectroscopy of’ measured for th& = 30 nm wire at

z = —9 nm and at various points along theaxis. The dashed

In general, for materials with a quadratie(k), the
self-consistent charging potential energy per particle,
~eQ/R, becomes smaller than the quantization energy,
~nh?/m*R?, at a sufficiently smalkR. However, for the
case of the BiL-point energy bands with a nearly linear
E(k), the above charging energy does not become smaller
than the quantization energy, since both are scalekl y
(inthe range ol0 < R < 100 nm). Assuming? = 10e
(since the probe tip area is rather small), the charging
energy is evaluated foR = 30 nm to be = 480 meV,
which is substantially larger than the calculated energy
separation between the quantized levels [Fig. 2(a)]. This
explains why the charging effects are so appreciable for
the observed quantum-confined 1D states in the Bi wires
investigated in this work.
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