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Abstract

Electrical scanning probe microscopies (SPM) use ultrasharp metallic tips to obtain

nanometer spatial resolution and are a key tool for characterizing nanoscale semicon-

ducting materials and systems. However, these tips are not passive probes; their high

work functions can induce local band bending whose effects depend sensitively on the

local geometry and material properties and thus are inherently difficult to quantify.

We use sequential finite element simulations to first explore the magnitude and spatial

distribution of charge reorganization due to tip-induced band bending (TIBB) for pla-

nar and nanostructured geometries. We demonstrate that tip-induced depletion and

accumulation of carriers can be significantly modified in confined geometries such as

nanowires compared to a bulk planar response. This charge reorganization is due to

finite size effects that arise as the nanostructure size approaches the Debye length, with

significant implications for a range of SPM techniques. We then use the reorganized

charge distribution from our model to describe experimentally measured quantities,

using in operando scanning microwave impedance microscopy (sMIM) measurements
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on axial p-i-n silicon nanowire devices as a specific example. By incorporating TIBB,

we reveal that our experimentally observed enhancement (absence) of contrast at the

p-i (i-n) junction is explained by the tip-induced accumulation (depletion) of carriers

at the interface. Our results demonstrate that the inclusion of TIBB is critical for an

accurate interpretation of electrical SPM measurements, and is especially important for

weakly screening or low-doped materials, as well as the complex doping patterns and

confined geometries commonly encountered in nanoscale systems.

Introduction

Electrical scanning probe microscopy (SPM) has become an essential tool in nanotechnology

due to its high spatial resolution and ability to measure topography and electronic properties

simultaneously.1,2 While these measurements often take place at low frequencies using tech-

niques such a scanning tunneling microscopy (STM),3 electrostatic force microscopy (EFM),4

and Kelvin force probe microscopy (KPFM),5 newer near-field SPM implementations can

access frequencies up to the microwave,6–9 infrared,9–11 and visible10 ranges as well. For

semiconducting samples, the results of these techniques are often high-resolution images of

dopant densities,12–16 carrier dynamics,17 surface effects,7,18 and other fundamental proper-

ties19–25 that can be used to evaluate the material growth and device performance for novel

materials and architectures. However, analysis of such measurements is often difficult due to

possible band bending effects and a departure from the planar geometries that are commonly

used to inform data interpretation.

For electrical SPM methods, metallic tips are necessary due to their high conductivity

and polarizability. However, when a metallic tip comes into close proximity or contact

with a semiconductor, the difference in their work functions can reorganize free carriers at

the semiconductor surface, an effect known as tip-induced band bending (TIBB).26,27 The

importance of TIBB for SPM measurements was first identified in STM studies as a reduction

in the apparent tunneling barrier height due to depletion induced by the tip.28 Later on,
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Hudlet et al.29,30 emphasized the importance of TIBB for atomic force microscopy (AFM)

by demonstrating that TIBB significantly affects tip-sample forces, capacitance, and the

carrier density near the surface. While TIBB is of fundamental importance for techniques

such as scanning capacitance microscopy (SCM)31 and KPFM,5 it can have a significant

impact on the measured contrast of other SPM techniques.

However, models of TIBB thus far have only considered parallel plate or sphere-planar

geometries, which are limited in their application.16,29,30,32 This is especially true for the

nanoscale samples that are often of interest in SPM measurements, where both sample

geometry and material properties vary on length scales comparable to the tip radius, or even

smaller. For SPM studies on semiconducting nanostructures, TIBB is thus expected to play a

significant role in establishing the achievable spatial resolution, probing depth, and accuracy

of the measurements. Modeling these TIBB effects in experimentally relevant geometries

remains a challenge and thus a more detailed analysis of the role of the tip-sample geometry

is needed.

Here we develop a new approach to understanding the role of nanoscale electrostatic

tip-sample interactions based on the commercial finite element modeling (FEM) package

COMSOL Multiphysics. Our model utilizes the Semiconductor Module to solve the carrier

drift and diffusion equations for a semiconductor underneath a metallic tip, providing a

charge carrier distribution that reflects TIBB or any applied external bias. We combine

these results with the AC/DC Module to illustrate the effect of charge redistribution on

quantitative scanning microwave impedance microscopy (sMIM) measurements. We find

that the microwave sensitivity curves are modified by TIBB and are highly dependent on the

nanostructure geometry, with results for a nanowire diverging dramatically from the standard

planar geometry due to the nanowire’s curvature and finite size. We then use this model

to explain in operando sMIM measurements on VLS-grown silicon nanowire (SiNW) p-i-n

devices. We find that the experimentally observed junction properties cannot be explained

by device physics alone and that TIBB is necessary for an accurate extraction of underlying
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physical properties. Our results provide a versatile tool for understanding and quantifying

the effects of TIBB in SPM and underscores the interplay between band bending effects and

geometry.

Methods

Finite Element Modeling

FEM is a widely used approach for approximating and visualizing solutions to differen-

tial equations for complex geometries. FEM simulations have been previously developed for

modeling SPM contrast but these models do not explicitly consider charge carrier redistribu-

tion.33–35 We expand on previous finite element simulations by first solving the semiconductor

drift and diffusion equations in the presence of a metallic tip using the Semiconductor Mod-

ule in COMSOL Multiphysics*. For these simulations, we use a Pt tip with work function

�tip = 5:4 eV and conductivity �tip = 4× 106 S=m.16 A slight air gap (1 nm) is introduced

between the tip and sample to avoid a geometric singularity. The carriers in the semicon-

ductor are described with Fermi-Dirac statistics and a carrier density-dependent mobility.36

Shockley-Read-Hall bulk recombination from mid-gap states is included with a lifetime of

� = 1 �s. The resultant electron and hole distributions are then used to define a spatially

heterogeneous conductivity that reflects surface band bending effects.

For comparisons to sMIM data, we use the AC/DC Module to simulate the admittance

using a previously reported approach,37–40 and a sample conductivity distribution defined

from the Semiconductor step. The admittance between the tip and a distant reference is then

calculated for a microwave excitation with frequency ! = 17:3 GHz, chosen for agreement

with experimental conditions. A bias of 1 V is applied to the the tip during this step,

but does not contribute to the overall result (see Figure S1). In this work, three different

models are computed: a 2D axissymetric model on bulk silicon, a 3D model featuring a

monodoped silicon nanowire, and a 3D model that includes a p-i-n silicon nanowire device.
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The geometry and mesh details for these models are included in the Supporting Information.

All results presented here were the result of parametric sweeps over a discrete number of

dopant densities or tip positions. The individual simulation results were connected using a

spline interpolation.

Silicon Nanowire Growth and Device Fabrication

SiNWs were grown at 480�C using the vapor-liquid-solid (VLS) method with Au as a cata-

lyst.41–45 The growth used SiH4, PH3, and B2H6 as the Si, P, and B precursors respectively,

H2 as the carrier gas, and HCl gas for in situ surface chlorination. The chosen device architec-

ture was a p-i-n pattern, beginning with a highly-doped p-type section with encoded doping

NA = 7:5× 1020 cm�3, a 2 �m long nominally intrinsic section, and a highly-doped n-type

section with encoded doping ND = 5:0× 1020 cm�3.43 Due to residual dopant atoms in the

gold catalyst and CVD chamber, we expect the intrinsic region to be lightly p-doped.46 The

wires were then mechanically transferred to a Si3N4/SiO2/p-Si wafer and Ti/Pd (3 nm/300

nm) contacts were patterned using electron beam lithography (Nanometer Pattern Gener-

ation System*) and electron beam evaporation (Kurt Lesker PVD 75 Proline*). To avoid

electrical discharge from the scanning probe tip, a 8 nm layer of Al2O3 was deposited on the

substrate using atomic layer deposition.

sMIM Measurements

sMIM experiments were performed as described previously40 using a modified AFM (Agi-

lent/Keysight*) operating in contact mode with Pt tips (Rocky Mountain Nanotechnology*).

A vector network analyzer provides the microwave signal (!), at a frequency of 17.2 GHz, to

the tip, and the signal reflected from the tip-sample junction, ~S11, relates to the complex tip-

sample admittance, ~Y . We use an IQ mixer with controlled reference phase to measure the

in-phase and out-of-phase components of the admittance: ~S11 = SG + iSC ∝ ~Y = G+ i!C,

where SG is the conductance channel, SC is the capacitance channel, G is the sample con-
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ductance, C is the sample capacitance, and i is the imaginary number.

Results and Discussion

TIBB in Planar Si

In order to illustrate the effects of TIBB on a planar sample, we first model a planar n-type

silicon sample (ND = 1× 1016 cm�3) with a metallic tip placed in close proximity (d = 1

nm). The setup of our 2D, axissymmetric simulation is illustrated in Figure 1a with the

inset showing the tightly meshed tip-sample region. We use the Semiconductor Module to

solve the carrier drift and diffusion equations in the presence of the tip, the result of which

is a heterogeneous distribution of carriers at the surface due to band bending (Figure 1b,

c). Since the work function of the Pt tip (� = 5:4V ) is greater than that of doped silicon

(� ≈ 4:2V ), a potential drop forms inside the semiconductor and the bands bend upward

at the surface (Figure 1d, e). For n-type silicon, this causes electrons to deplete and holes

to accumulate at the surface. By varying the tip-sample distance (Figure 1f) we observe

that TIBB is most pronounced when the tip is close to contact (d = 0:5 nm), but is still

significant at large separations (d ≈ 100 nm). The distance over which these TIBB effects

persist inside the semiconductor depends on the degree of screening, measured by the Debye

length. For example, the calculated Debye length for a semiconductor with moderate doping

(N = 1× 1016 cm�3) is Ld = 40:8 nm, which is consistent with the length scales we observe

(dashed line in Figure 1f). Thus TIBB is important not only for contact mode techniques,

but also SPM methods that utilize tapping mode or other non-contact modes. In Figure

1g, we show the electron profile near the Si surface across six decades of doping at a tip-

sample distance of d = 5 nm. For low dopant concentrations, the Debye length increases and

band bending continues a significant distance into the bulk due to the lack of ionized dopant

atoms and carriers available for screening. At high dopant concentrations, the semiconductor

behaves like a metal and can readily screen the potential from the tip.

6



g

Si depth (nm)
0 20 40 60 80 100

lo
g 10

(n
/N

D
)

ND = 1014 cm-3

ND = 1020 cm-3

-8

-6

-4

-2

0

f

Si depth (nm)
0 20 40 60 80 100

lo
g 10

(n
)

4

8

12

16

d = 96 nm

0.5 nm

a

φtip
air

Si

lin
e 

of
 s

ym
m

et
ry

σSi = q(nµe + pµh)

e

0.20.10
Si depth (µm)

∆
V

BE (V
)

0
0.2

0.4

0.6
c

104

106

108

d
-4.4

-4.8

-5.2

b

1012

1014

1016

n (cm-3) Ψ (V)

p (cm-3)

1 nm
5 nm

…

Figure 1: (a) Schematic showing details of the axissymmetric FEM simulation for a planar
sample, with inset showing the mesh. Simulated carrier density (b, c) and electrostatic
potential (d) maps demonstrating the redistribution of carriers under TIBB for n-Si (scale
bar = 100 nm). (e) Calculated change in valence band energy from the bulk to the surface
due to TIBB. (f) Electron density profile near the surface for various tip-sample separations.
The dashed line shows the Debye length for this doping. Results shown in (b)-(f) are for n-Si
with ND = 1× 1016 cm�3. (g) Depletion profile near the surface across six dopant decades.
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Consequences for sMIM
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Figure 2: (a) Illustration of a typical
sMIM experiment. (b, c) Calculated
sMIM admittance at ! = 17:3 GHz for
doped Si without TIBB (panel b) and
with TIBB (panel c). Solid and dashed
lines represent G and !C, respectively

The spatial carrier redistribution determined from

the first modeling step can be used as the in-

put for an additional step to quantify relevant

SPM results. To illustrate the impact TIBB can

have on SPM measurements, we add a frequency-

dependent study to simulate a typical sMIM ex-

periment. In sMIM, a microwave signal is deliv-

ered to a metallic tip held in contact with the

sample (Figure 2a). The amplitude and phase

of the signal reflected from the tip-sample gap

( ~S11 = SG + iSC ∝ ~Y ) is proportional to the com-

plex admittance and provides direct information

on sample electronic properties.

Here we simulate sMIM results by calculating

the AC admittance using the AC/DC Module in

COMSOL, with a sample conductivity based on

the solved electron and hole concentrations from

the drift-diffusion step. The conductivity is cal-

culated as the sum of both majority and minority

carrier contributions in order to account for all

possible band bending scenarios (carrier accumu-

lation, depletion, or inversion) at a given doping

level:

�Si = q(n�e + p�h)

where q is the elementary charge, n and p are the
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electron and hole densities, and �e;h is the carrier mobility.

We show the modeled resistive (G) and capacitive (!C) channels as a function of doping

in bulk silicon, without and with TIBB in Figure 2b and 2c, respectively. We find a signif-

icant shift in the sMIM response due to the change in local conductivity associated with a

redistribution of carriers beneath the tip. Specifically, we observe two differences when band

bending is included: (1) a rise in the conductance for both dopant types at low densities

(N < 1× 1015 cm�3) and (2) a delayed onset to metallic behavior for n-Si. For the first

case, the density of local positive charges (ionized donor atoms for n-Si and holes for p-Si)

is too low to fully screen the tip which attracts a significant number of holes to the surface.

This increases the conductivity near the tip and represents an accumulation regime for p-Si

and an inversion regime for n-Si. For the second case, the density of ionized donor atoms in

n-Si is now large enough to prevent inversion, but electrons are still driven away from the

surface, lowering the local conductivity and shifting the transition to metallic behavior to

higher dopant densities. These results demonstrate that TIBB in semiconductors can have

a significant impact on the local admittance measured by sMIM. We expect TIBB to affect

most electrical measurements that utilize a metallic tip in a similar manner.

TIBB in Si Nanowires

While a bulk planar case provides a useful initial test case, much of the interest in sMIM and

other electronic scanning probe techniques is related to their use in probing nanostructures.

As dimensions approach the Debye length, geometry is expected to become increasingly

important in determining the effects of TIBB. To examine the role these finite size effects

have on TIBB, we apply our modeling approach to a 10 �m long silicon nanowire (SiNW). An

illustration of the full 3D geometry used is shown Figure 3a. Similar to the 2D axissymetric

simulations, the tip-sample region is encapsulated by a tightly-meshed box to accurately

resolve band bending features, with a larger mesh further away to minimize computation

time. For the bare, 50 nm thick, n-type SiNW shown in Figure 3 b-d, we observe depletion
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Figure 3: (a) Illustration of the 3D model used to calculate the admittance on the doped
SiNWs. (b, c) Axial cross-sections of the electron (panel b) and hole (panel c) density for a
n-type SiNW with a diameter of d = 50 nm (scale bar = 50 nm). (d) Radial cross-sections of
the electron density for a n-type SiNW at various diameters and doping ND = 4× 1016 cm�3

(scale bar = 10 nm). Each panel shows an equal area (50 nm x 50 nm). (e, f) Simulated
sMIM conductance for SiNWs with varying diameters for p-type (panel e) and n-type (panel
f) doping.
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