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ABSTRACT

Scanning electrostatic force microscopy, along with a subset of this technique, scanning Kelvin probe microscopy, have
been used to explore the materials composition and doping of semiconductor surfaces. Moreover, micromachined
semiconductor probes are frequently used in SEFM, SKPM and scanning capacitance microscopy instruments in order to
probe the nature of generic surfaces. Some work has been done to explore the electromechanical, and electrostatic nature of
the probe-surface interaction for SEFM and SKPM. For instance, it has been demonstrated that band pinning at the
semiconductor surface, caused by excessively large values of the ac voltage applied between the probe and substrate, creates
afalse null in an SKPM signal, masking the true nature of the surface.

Recently, results of SEFM probes of semiconductor surfaces have been reported, which used large values of the ac voltage
applied between the probe and the substrate. In this work, we demonstrate theoretically the effects of both large-signal
behavior on the SEFM technique. We aso demonstrate the effect of electric field penetration into a semiconductor surface
or probe tip on the mechanical response of the probe. The results are compared to measurements, and set in the context of
recent work wherein large-signal SEFM techniques are employed.

Keywords: microcantilever; electrostatic force microscopy; EFM; semiconductor cantilever; scanning Kelvin probe
microscopy; SKPM; dopant profile; cantilever mechanical transfer function; small signal response; large signal
response; surface states; non-linear response.

LIST OF VARIABLES

du, U, acand DC components of applied electrical cantilever excitation (or, electrical bias)

df, f, ac and DC components of applied mechanical excitation

Feiec(t) Electrical force excitation due to applied electrical excitation U(t)

Freen(t)  Mechanical force excitation

x(t), v(t)  Microcantilever displacement, measured as the distance from tip to substrate, and velocity
M, B, K  Effective mass, damping constant, and spring constant for the first norma mode of the microcantilever
Q Quality factor of the microcantilever resonance

H,W,L Thickness, width, and length of the microcantilever

Hip, Bip  Height, base diameter of the microcantilever tip

E Y oung’s modulus for the microcantilever (1.9 x 10™ Pafor silicon)

r Density for the microcantilever

E, Vs Surface electric field and surface potential (semiconductor band bending)

fo fs Metal, semiconductor work functions

Cs Semiconductor electron affinity

A Effective area of electrostatic force interaction between microcantilever and substrate

fres Wres  Resonant frequency of the first normal mode of oscillation of the microcantilever

fu, Wy Frequency of the applied electrical excitation

fr, Wy Frequency of the applied mechanical excitation

fufs Phases of the applied electrical and mechanical excitations

€, Ens Dielectric constant for semiconductor substrate, and for tip-to-substrate dielectric
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Ng Surface, fixed charge density of substrate

Vip Flatband voltage for the microcantilever-substrate system (represents the zero-electrostatic-force condition)
ks,q, T  Boltzmann's constant, charge of electron, ambient (substrate) temperature

No, Po, N Equilibrium carrier concentrations of electrons and holes, and intrinsic carrier concentration, for the substrate
Na, No p-type dopant concentration, and ionized dopant concentration, in the semiconductor

Ne, Ny Conduction and valence band densities of states in the semiconductor

Ey Ea Semiconductor band gap, and acceptor dopant ionization energy

1.0 INTRODUCTION

Microfabricated cantilevers have become arich area for research and development. The most obvious application has been
in the area of scanned probe microscopy (SPM), which will be the principal focus of this work. However, microfabricated
cantilevers have also found application outside of SPM. They have been used as electromechanica “transistors’ and as
electrostatically-actuated switches.? Such devices have been fabricated by using either surface micromachining,®® or bulk
micromachining.® In these contexts, the distribution of charges on the cantilever as a function of applied bias and
mechanical deformation has received important theoretical attention.”

In the realm of SPM applications stemming from the use of electrostatic forces between a sensor and a substrate,
microfabricated cantilevers have been used as the sensor tip in scanning capacitance microscopy (SCM),® scanning electric
force microscopy (SEFM),® and scanning Kelvin probe microscopy (SKPM).® These sensors have been used to detect
voltages at microscales on integrated circuits,™* dopant profiles in semiconductor substrates,"*** and charge, material, or
structural defects (e.g., grain boundaries) at or near material surfaces.'*+*°

Since substrates comprised of semiconductors and related thin film materials are frequently the subject of experimental
investigation, it isimportant to place the theory of force interaction between the cantilever and tip on the firmest theoretical
foundation. The electrostatic forces between a charged surface and a semiconductor, without mechanical motion, have been
studied.**® The general problems of these force interactions have been addressed in some detail .1>*°

Typical SPM systems which utilize electrostatic forces involve a cantilever which experiences both a mechanical excitation
(in the form of a sinusoidal, piezoelectric driving force) and an electrostatic excitation (in the form of a sinusoidal electrical
bias between cantilever and substrate).”® Also typicaly, the principal electrostatic force is taken to be exerted by the
substrate only on the cantilever tip, though it has been demonstrated experimentally and theoretically that this assumption
has limits™®  When the substrates are semiconductors, the nature of the applied potential between the cantilever and the
substrate must receive close attention. For instance, if the ac component of the applied potential difference” is small, then
small-signal analysis applies, and the surface potential in the semiconductor is a well-defined sinusoidal function. In order
to increase signal strength, however, some researchers apply external ac bias in excess of the semiconductor band gap.?
Such large ac biases require large-signal, non-linear analysis,? and in fact disrupt the ability to discern surface potential
due to the energy band pinning imposed by such biases® No analysis of the influence of such large-signal, non-linear
behavior on the mechanical response of the cantilever has yet been made.

Band pinning caused by large applied ac biases is not the only confounding influence on the extraction of quantitative data.
From electrostatic SPMs. The presence of significant fixed surface charges can screen electric field coupling between the
cantilever and semiconductor, shrouding doping profiles from quantitative analysis.*%

This work extends earlier work'®**#?% py exploring the effect of large applied ac biases, between a cantilever and a
semiconductor substrate, upon the mechanical response of the cantilever. It adds to this analysis detailed consideration of
the impact of surface, fixed charges in the semiconductor.

b The voltage applied to the cantilever and the substrate contact the respective Fermi levels™ of these system components. As aresult, this applied voltage difference creates an
electrochemical potential difference (EPD) between the cantilever and substrate electrical contact points. The EPD is not the same as the surface potential in the semiconductor.® This
distinction is crucial to understanding €l ectrostatic force couplingsin SPM systems having semiconductor components.



2.0 DYNAMIC MICROCANTILEVER MODEL
2.1 Microcantilever structure and mechanical model

Details of the modeling may be found elsewhere.?? They are summarized here for the sake of completeness. Figure 1 shows
a schematic representation of the microcantilever’s structural parameters. For simplicity, it is assumed the microcantilever
is comprised of silicon, with a thin layer of gold. This structure represents the most general electromechanical case which
might be studied. It receives two inputs, Frecn(t) and U(t), which vary sinusoidally at different frequencies. The first input is
amechanical force usually imposed by a piezoelectric stack which can excite various normal modes in the distributed mass
of the cantilever. The second input is an electrochemical potential difference (EPD), arising from the electrical excitation
applied between the cantilever and the substrate.

Figure 2 shows how a lumped element model for the microcantilever’s dynamic behavior is extracted from the real system.
According to earlier work,'* the first normal mode of oscillation of the microcantilever, the mass, the spring constant, and
the damping coefficient, can be found using:
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The mechanical excitation is then given simply by:
Forecn(t) = fo +df >sin(vft+ff) 2
Typically in SEFM systems, the mechanical excitation is applied at a frequency which is five percent higher than the first or
fundamental normal mode of the microcantilever. Similarly, the electrical excitation is:
U(t) =Up +dUsinfv t +,) 3)

Finding the electrostatic force from this applied electrical excitation is not straightforward. A primary task of the theory is
to quantify the electrostatic force using the structural and materials aspects of the microcantilever-substrate system, as well
as the boundary conditions imposed by ambient temperature and the external excitations.
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Figure 2: Left: Schematic model of a microfabricated cantilever sensor, showing electrostatic forces between the sensor
and substrate. Right: Lumped element electromechanical model of the sensor.




2.2 Energy band diagrams and electrostatic theory.

In order to accomplish this task, we must consider the energy band diagram associated with the microcantilever-substrate
system. We confine ourselves to a one-dimensional treatment of the energy bands. The situation is similar to the common
metal-insulator-semiconductor (MIS) device which lies at the heart of modern microelectronics® The addition of
mechanical motion of the cantilever, however, creates important differences from that device. Again, details may be found
elsewhere,? and the necessary machinery to move forward is summarized here.

Figure 3 shows the one-dimensional energy band diagram associated with a MIS structure. Note that in a SEFM or SKPM
system, the insulator thickness x(t) is a function of time, as is required for determination of the microcantilever’s dynamic
motion. The electrical excitation is applied at the Fermi levels of the microcantilever and substrate, as is also denoted in
Figure 2. Using the definitions of the work functions as shown in the figure, a relationship between the applied electrical
excitation and the surface potential can be obtained:
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Figure3: One-dimensional energy band diagram used in devel oping the equations of motion.

Using Equations (3) and (4) together, the surface potential y ¢(t) can be obtained at any time t, for a given value of x(t).
However, several details remain to be given. The flatband voltage Vi, must be determined. If there is surface charge on the
semiconductor, then Figure 3, and the application of Gauss Law at x=0 (that is, the continuity of the displacement vector at
the insulator-semiconductor interface), yield:

X(t
Vszfm'fs'quxﬁ (5)

Neglecting the effect of free carriers, the semiconductor work function is given by:*3
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Note that the flatband voltage represents the conditions of zero force between the microcantilever and the semiconductor

substrate. This condition is essential to SKPM, where the DC electrical bias Uy is adjusted until the flatband condition is

reached. This condition is measured in the SKPM system, which detects the microcantilever deflection at the frequency of




the applied electrical excitation. When the dynamic response of the microcantilever to this excitation is minimized or
nulled, the flatband condition has been found. The value of U, then contains important information concerning the doping
density (through the semiconductor work function f ¢, which is related logarithmically to the doping density) in the detection
volume of the microcantilever tip.®> However, as seen in Equation (5), and as discussed subsequently in this work, surface
charges N; can obscure extraction of doping concentration using this technique.

The surface electric field can then be related to the surface potential, or band bending, in the semiconductor, using:**

Es<ys)=sgn<ys)>eoy\/exp(-bys)+bys-1+%{exp(bys)- by ;-1 b=y E=pe U
In this expression, nope=n;?, and the value of py is set by the ionized dopant concentration outside of the band-bending
region. To complete the picture, we need an expression, based on Equation (7), which allows determination of the
electrostatic force between the microcantilever and the substrate. Several means are available,” but the simplest relies on
Figure 2. The total electrostatic force can be thought of as the sum of electric lines of force, emanating from the
microcantilever tip, over an effective area of interaction A, which terminate on bulk charges, and on surface charges. The
electrostatic force due to bulk charges can be shown to be:

Fbulk (Es) = Aeff esE32 (8)
The electrostatic force due to surface charges can then be shown to be:

At
Fartace(Es) = 28, {e32 E32 - 208N Eg+ qu f2} )

Note that the portion of the electrostatic force due to bulk charges is aways attractive, while the portion due to surface
charges can be either attractive or repulsive, depending upon the charge nature of the fixed surface charges, or of the Fermi-
level-dependent surface states, which give rise to the force.

3.0 DYNAMIC RESPONSE
3.1 Equations of microcantilever motion when sensing a semiconductor substrate.

We now have completed laying out the machinery necessary to perform analysis of effects of doping, surface charge, and the
magnitude of the applied electrical excitation. The analysisisfounded on the state variable equations of mechanical motion
for the microcantilever-substrate system, which are:

dv :ﬁ{Fmech(t)' Bv- Kx- Felec(t)} (10)
\'

a2 o

(11)

Note the sign of Fge(t); it acts to attract the microcantilever to the substrate, while positive values of Fyen(t) act to pull the
two apart. Fpecn(t) is given simply by Equation (2). Fge(t) must be found in a more circuitous fashion. First, at a given
value of x(t), Equations (3), (4) and (5) must be solved self-consistently for y ((t). Then, the surface electric field Eq(y ) is
found using Equation (7). Finally, Equations (8) and (9) are combined to deliver the electrostatic force:

Felec(t) = Fbulk (Es) + Fsurface( Es) (12)

These equations must in most cases be solved numerically, since two important non-linearities are present. First, the
electrostatic force has an inverse dependence on x(t), as seen in Equation (4): Fee(t) is proportional to E& and Es, and the
surface field is inversely proportional to the displacement between the microcantilever and the substrate. Second, for a
semiconductor substrate the surface potential becomes ‘pinned’ by the semiconductor conduction or valence band, if the
applied electrical excitation is too large. As a consequence, the electrostatic force also reaches a maximum or saturation
value, regardless of the ac or DC magnitudes of U(t).

3.2 Equations of microcantilever maotion when sensing a metal substrate.
Equations (10) and (11) have been presented with a semiconductor substrate in mind. They are, however, completely

general, with respect to the nature of the substrate material. It can be either a metal, a semiconductor, or an insulator
containing fixed surface charge. If the substrate is a metal, then the surface potential and surface electric field in the



substrate are zero, and al lines of electric force between the microcantilever tip and the substrate terminate on surface
charges (which are, in this case, mobile, but still represented by Ny). So:

Ayt
Felec,metal = Fsurface = ZQns {qu%} (13)
But, U(t) isrelated to the surface charge using Equations (4) and (5). So, the electrostatic force becomes:
At & 2
Faeemea ) =57 AT fo- U()) (14

4.0 RESULTSAND DISCUSSION
4.1 Questionsunder consideration, and previous results.

Thiswork seeks to answer several questions relating to the use of SEFM or SKPM in monitoring semiconductor surfaces for
information about dopant density,™ or about the values of potentials applied in the substrate®. First, does the application of
large electrical biases, which result in band pinning of the surface potential, obscure the extraction of quantitative
information about the potential distribution, or the charge distribution, in the substrate detection volume, neglecting effects
of such biases on the microcantilever sensor motion? Second, does the application of large electrical excitations, in excess of
the band gap of the semiconductor, affect the dynamic response of the microcantilever? That is, do large electrical signals
create non-linear motion in the microcantilever sensor? Third, does the presence of surface charge, from fixed or surface
state sources, affect the dynamic microcantilever response, and/or screen the extraction of quantitative data about the
substrate?

Some experimental observations and theoretical analyses have been made relating to these questions. Experimentally, in
Ref. 23 it was shown that increasing the ac component of the applied electrical excitation U(t) in an SKPM system resulted
in loss of information about the nature of the work function difference between the microcantilever tip and substrate. This
result is presented here in Figure 4 for reference.
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Figure 4: Measured dependence of Vy, on the magnitude of dU.
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This result is understood in the context of Figure 5. Here, the surface potential at room temperature in a semiconductor
substrate with a p-type doping concentration of 10 cm® is shown, in response to applied electrical excitations U(t) of
varying strength. The calculations are for an SEFM system with a gold-coated microcantilever, held mechanically rigid at a
fixed cantilever-to-substrate distance of 10 nm. The value of Uy is set equal to Vi, so that, in the absence of dU, the
microcantilever will experience no force. Due to the band pinning of the surface potential in the semiconductor, the
waveforms associated with small and large values of dU are, respectively, linear and non-linear. The non-linear waveform
has a mean, or average, value which is non-zero over the period of the applied sinusoidal electrical excitation, which leads
to the expectation that U, will have to be adjusted away from its true value, in order to null or minimize the electrostatic
force sensed by the microcantilever. It remains to be seen whether this expectation holds when the microcantilever is
allowed to move.
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Figure5: Smulation of time-dependent response of semiconductor surface potential, as a function of dU.

4.2 Effectsof non-linearities due to band pinning.

We extend the results of Section 4.1, to cover the full range of dopant densities and applied bias ranges which may be
experienced in an SEFM or SKPM system. Figure 6 shows the value of y ¢, averaged over one cycle of the applied bias U(t).
For this simulation, Uy is set to Vi, and Ni=0. So, if dU is zero, then flatband is achieved, no €electrostatic force exists
between the microcantilever and the substrate, and the average value of y s averaged over one cycle will be zero. If dU is
small enough, then the system is still linear and symmetric, and the value of y ; averaged over one cycle will remain zero.
Departures from linearity will result, however, if there is band pinning, and the electrostatic force becomes non-symmetric.
Such non-linearities can be seen in Figures 6-8. The log,e doping concentrations are shown in the legends. Figure 6 shows
the departure from a zero mean value of surface potential as dU is increased, while Figure 7 shows the same result for the
electrostatic force. Figure 8 shows the shift in microcantilever average position, as determined by dividing the average
value of the electrostatic force over one cycle by the spring constant K. If the value of this ac displacement dx were nulled
or minimized, as occursin atrue SKPM system, then U, would have to shift from the true flatband condition.

These figures show several other important details. First, under flatband conditions, application of ac bias in excess of
0.5 V causes significant departure of the surface potential from a mean value of zero. Application of such biases in excess
of 1V causes similar departures for electrostatic force, and for mean microcantilever displacement (the laser-measured
component in the SEFM or SKPM system). Second, not surprisingly the system is more sensitive to higher doping
concentrations. Accordingly, lower values of dU can be used at higher doping concentrations, in order to preserve the
linearity of the system. This result contrasts with SCM, where sensitivity is highest for low doping concentrations, and
lowest at high doping concentrations.® Finally, recall our assumption that the doping concentration is uniform in the
substrate. In terms of the SEFM and SKPM measurements techniques, in truth these methods average the doping
concentration in the detection volume. This volume is defined by the lateral extent of the electrostatic field, and the
depletion depth z,,, in the vertical direction (see Figure 3). Small values of dU minimize this depletion depth, and ensure
extracted doping profiles are true surface profiles, unobscured by subsurface effects.
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Figure6: Shiftin mean semiconductor surface potential over one cycle of U(t), as a function of dU.
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Figure7: Shiftin mean microcantilever force over one cycle of U(t), as a function of dU.
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Figure 8 Shift in mean microcantilever position over one cycle of U(t), as a function of dU. [Note: The shifts are
negative in value, but are plotted here as positive-definite for clarity.]

4.3 Effects of non-linearities due to response of the microcantilever to mechanical and electrical excitations.

We seek next to reconcile these results, with an analysis that includes the dynamic mechanical response of the
microcantilever to the applied external excitations. A number of assumptions are used in applying the one-dimensional
theory to a three-dimensional system. The only electrostatic forces between the microcantilever tip and the substrate are
assumed to be through an effective area Ay associated with the microcantilever tip.*> The microcantilever is assumed to be
comprised of silicon, coated with a thin layer of gold, so that its electrical interaction with the substrate is governed by the
gold, but its dynamic mechanical properties are determined by the crystalline silicon. The semiconductor substrate is
assumed to be p-type silicon, with a uniform dopant concentration in the substrate volume of interaction between the tip and
substrate, so that Equation (6) can hold. Atomic forces between the microcantilever and the substrate are ignored.

The constants used in the next simulations are as follows: N,=10% cm®; r =2339 kg/m*; W=20 pm; H=5 pm; L is adjusted
S0 that f,e»600 kHz; Hiip=7 um; B;p=3 um; Q=10; wi=1.05w;e; both applied excitation phases f, and f; are set to zero;
f,=100 kHz.

Figure 9 shows the mechanical response of the microcantilever represented by these constants, in the absence of any
electrical excitation. The frequency of the applied mechanical excitation is seen to be about 560 kHz. f, and df are adjusted
so that the equilibrium displacement of the cantilever is about 10 nm, and the magnitude of the displacement oscillation is
set to about 0.5 nm, in the absence of electrostatic forces. These values are consistent with observations from a physical
SKPM system.™®
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Figure9: Mechanical response of the microcantilever in the absence of electrical excitation.

Figures 10-13 show mechanical microcantilever displacement, and electrostatic force, as a function of time for a variety of
electrical excitation conditions. In Figure 10, the DC component of the electrical bias is equal to the flatband condition.
The ac component is small. These conditions should produce a linear response in the displacement. However, as seen in
the displacement plot, the microcantilever displacement is dominated by the mechanical excitation. The magnitude of the
electrostatic force, and the effective area of interaction between the tip and the substrate, are insufficient to produce much
detectable mechanical oscillation at the frequency of the electrical excitation.
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Figure 10: Displacement and force for the following conditions: Ag=3.3 pm?% Ug=Vi,; dU=0.1V; N,=10" cm®; Ni=0.
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Figure 11 repeats the conditions of Figure, but with Uy no longer at the flatband condition. The electrostatic force is seen to
vary sinusoidally (at twice the frequency of the applied electrical excitation, since Fue. is proportional to E&). However, its
average value is higher than in Figure 10, reflective of the nonlinearity imposed by high values of U(t). Again, as in
Figure 10, the electrostatic coupling is insufficient in strength to deliver measurable (to the eye) displacement at the
frequency of the electrical excitation.

We can increase this displacement by increasing the magnitude of the electrostatic force, but only at the expense of non-
linearities in the displacement of the microcantilever sensor. Figure 12 repeats the conditions of Figure 10, with Uy again at
the flatband condition, but dU increased to 1.0 V. Now a distinct displacement is observed, at the electrical excitation
frequency. However, the displacement is highly nonlinear, and has higher-frequency components which occur due to both
the nonlinear nature of the surface potential, and the 1/x nature of the electrostatic force coupling to the microcantilever.
Especialy, the attractive electrostatic force increases as x decreases — a positive-feedback effect which results in so-called
‘tip crashes’ in actual SKPM or SEFM systems, where the electrostatic force pulls the tip down until physical contact with
the substrate is made.
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Figure 12: Displacement and force for the following conditions: Ag=3.3 pm?%; Ug=Vi,; dU=1.0 V; N;=10" cm®; Ni=0.
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Figure 13: Displacement and force for the following conditions: Ag=(316 um)?; Ug=Vip; dU=0.1V; N,=10" cm®; Ni=0.



4.4 Effectsof surface charge.

The effect of surface charge, due to either fixed charges or surface states, in a microcantilever-semiconductor substrate
system, are seen most clearly in Equation 5. N; causes shifts in flatband voltage, which depend upon the dielectric constant
between the microcantilever tip and the substrate, as well as on the distance between the tip and substrate. Unfortunately,
increasing the microcantilever detection sensitivity by decreasing the mean position of the tip relative to the substrate,
causes increases in screening due to the surface charge. For the system explored in greatest depth in this work, where the
insulator is air, and mean displacement is 10 nm, Table 1 shows the apparent shift in the flatband voltage which results
from surface charges of different densities. Also shown is the effect of moving the microcantilever probe closer to the
surface. In this instance, such a change diminishes the effect of N; on V;,. Surface charge densities of up to 10*-10" cm™
can be tolerated, with minimal impact on V.

109;9(Nf) | Xo (nm) | DVip (V) | Xo (nm) | DVip (V)
9 10 | 1.81E-05 5 9.03E-06
10 10 10.000181 5 9.03E-05
11 10 10.001806 5 0.000903
12 10__ ] 0.018059 5 0.009029
13 10 ]0.180587 5 0.090293
14 10 | 1.805869 5 0.902935

Table 1: Effect of surface charge on apparent shift in V.
5.0 CONCLUSIONS

The effects of electrostatic and mechanical forces on micro-fabricated cantilevers have been presented. The effects of work
function differences between the cantilever and substrate, and fixed charge on semiconductor substrate surfaces, have been
incorporated. The analysis makes no small-signal assumptions for either mechanical motion or applied bias, and therefore
is most general. The analysis has been limited to a study of a lumped element model for the fundamental mode of
oscillation of a vibrating cantilever, though higher order modes may be incorporated. Dynamic responses for mechanically
fixed and mechanically free systems have been presented, for metal-semiconductor electrostatic coupling. The results show
that values of ac electrical excitation in excess of 0.5 to 1.0 V will obscure the ability of an SKPM or SEFM system to
discern surface potential, or to extract quantitative information about the doping concentration. Higher doping
concentrations provide greater electrostatic force coupling, allowing use of lower ac electrical detection biases. Placing the
microcantilever sensor closer to the substrate increases sensitivity at low values of dU, but at the expense of increased
susceptibility to non-linearities in the dynamic motion of the microcantilever. Microcantilever motion displays non-
linearities which depend upon the strength of the applied electrical bias, the magnitude of the applied mechanical
excitation, the doping concentration, and the equilibrium displacement between the cantilever sensor and the substrate.
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