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ANALYSIS OF RESOLUTION AND SENSITIVITY OF KELVIN PROBE FORCE
MICROSCOPY
Bin Mao, M.S.

University of Pittsburgh, 2012

Kelvin probe force microscope (KPFM) has evolved into an effective tool to characterize
electronic properties of materials and devices. However, there is lack of systematic analysis of its
practical aspects such as resolution and sensitivity.

By analyzing the electrostatic model of the tip and sample, we can show that KPFM
images are two-dimensional convolution of the actual surface potential distribution with a point
spread function (PSF) derived from the tip geometry. Point spread function is a powerful tool,
which can help us analyze the resolution. This thesis presents an analytical approach to find PSFs
for probes with different geometric shapes in both amplitude-modulation and frequency-
modulation KPFM.

Based on PSF, we can define the resolution of KPFM according to Raleigh criteria. With
this definition, we analyze the resolution of KPFM image corresponding to different shapes and
positions of tips. This method leads us to find an optimal shape of tip to obtain good resolution in
KPFM. Also, the resolution of single-pass scan KPFM and dual-pass lift-up scan KPFM is
compared. In addition, we investigate the sensitivity of KPFM under different operation modes
with various scanning parameters. The findings in this research provide practical guidance for

setting proper parameters in KPFM.
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1.0 INTRODUCTION

The atomic force microscopy (AFM) based Kelvin probe force microscopy has evolved into an
effective tool to measure local surface potential distribution of metal/semiconductor surfaces and
semiconductor devices. For example, KPFM has been used to investigate electrical properties of
semiconductors [1-6] organic materials [7-9] and biomolecules [10-12] as well as devices such
as photovoltaic cells [13-16] field effect transistors [17], and etc.

KPFM is an advanced mode of AFM. In KPFM measurements, both topographical image
and contact surface potential image are obtained. The AFM tapping mode is usually utilized to
obtain the topography of the sample. Tapping mode is an intermittent contact mode of AFM in
which the cantilever is driven at, or close to its resonant frequency. As the tip-sample distance
changes, the oscillation amplitude is also change from the reference amplitude. These changes
are used as feedback signals to measure the topography of the sample surface. The details of the

contact surface potential measurements will be explained in next section.

11 FUNDAMENTALS OF KPFM

A conductive AFM tip (coated with Pt/Ir or others) is usually used in KPFM measurements. We

apply an AC voltage (V, ) with angular frequency (e, ) superimposed on a DC voltage (V, ) on



the tip, such that V= Vg + V,sin(wet). When this tip is brought close to the sample surface,

electrostatic force is generated, which can be represented by the following equation: [12]

10C 1 oC . 10C
ol — Ea_d|:(vdc _Vglobal )2 + Evazc:| + a dc _Vglobal )‘/ac Sm(a)et) - Za_dvazc COS(2 x a)et) (11)

where, C is the capacitance between tip and sample surface, V., is the surface potential

distribution two-dimensional convoluted with a point spread function, d is tip-sample distance.

This electrostatic force consists of a static part and two contributions at o, and 2w, . The
electrostatic force at the electrical driving frequency (, ) is:

oC i
I:el (a)e) = a(\/dc _Vglobal )‘/ac Sm(a)et) (12)

The oscillation at the electrical driving frequency is majorly caused by the electrostatic force

F, (®,). The amplitude of the cantilever oscillation at the frequency (@, ) can be detected and
used as a feedback signal to nullify the electrostatic force F, (w,) by adjusting the DC bias on

the tip such that V,, =V, - The surface potential distribution can then be acquired from the DC

global

bias Va0 = Ve -

global

1.1.1 Single-pass scan mode vs. dual-pass lift-up scan mode

Now, KPFM has been implemented into two basic scanning modes, single-pass scan mode and
dual-pass lift-up scan mode. Dual-pass lift-up scan mode acquires the topography using AFM’s
tapping mode in the first pass. And then the conductive tip is lifted up by a small distance
(10~20nm) above the sample surface and applied an AC voltage with the same frequency as the

tip’s resonant frequency, superimposed on a DC voltage. By following the exact surface



topography acquired in the first pass, the surface potential information can be obtained in the
second pass. The advantage of this mode is that coupling of topography and surface potential can
be minimized since these two measurements are preformed separately. Furthermore, the
electrical drive frequency of dual-pass lift-up scan is set at the cantilever’s mechanical resonant
frequency, which will lead to higher sensitivity. Because the resolution of KPFM highly depends
on the tip-sample distance, the dual-pass lift-up scan mode, which lifts the tip up and increases
the tip-sample distance, leads to low spatial resolution.

Single-pass scan mode uses one feedback loop to nullify the electrostatic force F, (w,)
induced oscillation amplitude to acquire the measured surface potential and uses another
feedback loop to lock in the mechanical drive frequency (@, ) to acquire topographical
information. Both topography and surface potential image can be obtained at the same time in
single-pass scan KPFM. Single-pass scan mode performs much better than dual-pass lift-up scan
mode in terms of resolution and accuracy. However, this mode requires different electrical drive
frequency from the resonant frequency of the tip, which will affect the sensitivity of KPFM

measurement, and may cause crosstalk.

1.1.2 Amplitude modulation KPFM vs. frequency modulation KPFM

Amplitude modulation KPFM acquires surface potential distribution images by nullifying the
oscillation amplitude at @, , while frequency modulation KPFM minimizes the oscillation
amplitude at @, + @, where w, is the resonant frequency of the cantilever and tip system.

The oscillation pattern at these two lock-in frequencies is one of the major difference

between these two modes, and of great importance for studying the sensitivity.



For a cantilever with resonant frequency @, and quality factor Q, the oscillation
amplitude A, at electrical drive frequency @, in AM-KPFM measurement, under a driving force,

F. (®,), can be calculated from the following equation:

F (o 1
Ae: d( e) - - (13)
k o, 1 o
-5+ 7 3
3 Q° o,

where k is the spring constant of the cantilever and Fq is the force amplitude at w, . If we plug

Equation (1.2) into Equation (1.3), we can get

Ae _ aC/ad (Vdc _Vglobal )‘/ac 1 (1 4)
k i, 1 & '
-5+ 7 3
@, Q° o,

In AM-KPFM, a lock-in amplifier locks in the electrical drive frequency to detect A,. A,
is then nullified by adjusting the DC voltage such that V. =V .., . This is equivalent to nullify

electrostatic force at the electrical drive frequency, @, . In single-pass scan AM-KPFM, the
mechanical drive is set at, or close to, the resonant frequency of the cantilever while the electrical
drive is set at a lower frequency than the resonant frequency. In dual-pass lift-up scan AM-
KPFM, the electrical drive and the mechanical drive can be both set at the resonant frequency of

the cantilever.

AM-KPFM minimizes the electrostatic force. On the contrary, FM-KPFM detects the
force gradient, which has already been proved that its effect is much more confined to the tip
apex than the force [18]. In FM-KPFM measurements, with the presence of small force

gradient oF/od , the phase of the oscillation at the drive frequency e, shifts



Ap = —Q(aF/ad)/k. Noting Equation (1.1), the oscillation of cantilever at resonant frequency

becomes
. 0°C 1 1
A(t) = AO Sm{ t- ZQ_kaT|:((V dec Vglobal )2 + Evazcj + 2(\/dc _Vglobal )‘/ac COS((()et) - Evai COS(Za)et)}}
(1.5)

When the phase shift is small, Equation (1.5) can be written as the following form
A(t) = A, sin(w,t — @)+ 2A, ... sin(a,t)cos(a,t — ¢)+ 2A, ., cos(2a,t)cos(m,t —¢) (1.6)

where

Q o%C 1
¢:Ead_2 (Vdc _Vglobal) +2Vac )

Anie = Q 6 c @dc - global )‘/ac ’

2k ad?
Q d°C,,,
- A%y
A\nﬂe AO 8k 8d2 ac

This A,.. represents the oscillation amplitude at the sidebands w,, = @,. In FM-KPFM,
the oscillation amplitude at the sidebands @, + @, is detected through a lock-in amplifier. The
control loop nullifies the amplitude at the sidebands w,, + @, by adjusting the DC voltage such

that V,, =V In ambient FM-KPFM, the mechanical drive is often set at the resonant

global *
frequency of the cantilever while the electrical drive is set at a lower frequency than the resonant

frequency.



1.2 POINT SPREAD FUNCTION AND ELECTROSTATIC FORCE MODELS

Because Columbic interaction (the electrostatic force) is a long-range force, the surfaces
on tip apex, the tip cone, and the cantilever all have interaction with the sample surface. When
the surface potential is not constant, the KPFM-measured potential is a weighted result from a
much larger effective area than the tip apex. The surface contact potential difference, V,,,, , in
Equation (1.1) becomes a 2D convolution of a point spread function (PSF) and surface

potentials over a large effective area such that
Vglobal = h(X_Xt’y_ yt)*(I)S(X’ y) (16)

where (X, ,Y,) represents the tip location, h(x —x,,y—Y,) is a PSF, ®*(x,y) is the surface

potential difference at (x,y). Basically there are two different models presented and analyzed by

several authors to derive the PSFs.

Jacob et al. derived the PSF based on a capacitance model that formulates a set of ideal
conductors with mutual capacitances between a semiconductor specimen and the tip. [19]. But
this method suffers from a few drawbacks. In this model, we can calculate the capacitances
either by finding the ratio of the charge on the tip and the potential difference, or by using the tip
geometry. For the first approach, the charge on tip is difficult to find. For the latter one, the
whole idea is based on the assumption that the electric field has same magnitude along the field
lines. In Figure 1, those arrows denote the direction and the magnitude of the electric field lines.
From Figure 1, we can see that the magnitude along the field lines varies a lot. Following this

model will give us inaccurate electrostatic force and point spread function.
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Figure 1. Electrical field distribution of a tip consisted of a hemispherical and a conical part.

Strassburg et al. introduced another model to evaluate the electrostatic force between
conductive tip and semiconductor specimen by using the boundary element method [20]. Using
this method, the electrostatic force is determined only by the charge density on the tip surface. So
that we can calculate electric field near the tip surface and acquire more accurate results. Since
the charge density is only an intermediate variable that we can cancel later on, there is no need to
find the exact value of the charge density. So this method overcomes the problems in the ideal

capacitance model.



2.0 ELECTROSTATIC MODEL

A conductive tip with a length I, half aperture angle 0, spherical apex radius R and a surface S',

is located at a height d above the sample with planar surface placed on a grounded plane at the z
=0 plane (Figure 2). We use a notation r to represent the vector point to the tip surface S' in the
(X, Y, z) space.

In AM-KPFM measurements, the tip potential V,, is applied to minimize z-direction force.

Hudlet et al. prove that minimizing z-direction force is equivalent to nullify the modulated force
at the electrical drive frequency [20]. In FM-KPFM measurements, the force gradient was used
as interaction signal. Minimizing z-direction force gradient is also equivalent to nullify the
modulated force at the electrical drive frequency. We will have a detailed discussion about that

in Section 2.4 and 2.5.
The surface potential is modeled by a dipole layer located on the top of a grounded plane
at z = 0. The potential of any point in the upper half-space is consisted of the potential generated

by the charge dwelling on the tip surface ®'(r) and the potential generated by the dipole layer

@(r). ®'(r) and ®°(r) will be determined separately.

Charge density is used as an intermediate variable. By imposing boundary condition along

with either minimum force or minimum force gradient condition, we can cancel the intermediate
variable and find the relation between surface potential ®°(x,y) and the measured V.

8



Figure 2. Schematics of the tip-sample system used for electrostatic force modeling.



21 THEPOTENTIAL GENERATED BY THE TIP CHARGES

In this section, the potential generated by the tip charges ®'(r) was determined by using the
method of images. Based on the tip geometry, we can find the relation between tip charge

density and @'(r).

2.1.1 Determine the potential by using space charge density in free space

Based on Coulomb’s law, the electric field at position r due to a system of point charges g,

located atr; , i=1, 2, ..., n, can be represented by the following equation:

1 o r—r
E(r)— 47z, giqi |r_ ri|3

(2.1)

The sum can be replaced by an integral

1 Nr=r 1 p(r) .,
E(r)= —dr'=— \Y4 d 2.2

where p(r') is the space charge density at r’. Based on the well known equation E = -V®,

where @ is the potential, we have

o(r) = L%dr' (2.3)

4re, | |

where ®(r) is the potential generated by the charges resided in space V.

10



2.1.2 Determine the potential by using area charge density over a grounded plane

The charge of the conductive tip dwell on its surface, so the potential caused by the charges in

free space can be expressed as:

a(r) =Lj3‘ﬂds (2.4)
4re, |r

— r'|
where o(r') is the area charge density at r’.

Because we place the sample on a grounded plane, the image method should be utilized
here by placing the negative charge tip on the other side of the sample to make the potential on

the plane equal 0. Thus we have the potential caused by the tip charges,

tyo L 0o 1 . o)
e e T

where r''=(x',y',—z') is the image point of r'=(x',y',z").

22 THEPOTENTIAL CAUSED BY THE SAMPLE MODELED AS A DIPOLE

LAYER

In this section, we want to find the relation between the potential caused by the dipole layer

®"(r) and the actual sample surface potential ®°(x,y).

11



2.2.1 Onedipole layer in free space

We model the sample surface as a dipole layer placed on a grounded plane. To find the potential
generated by a dipole layer, we should first consider a single dipole and then superpose a surface
density of them [21].

With A, the unit normal to the sample surface S, the potential due to the two close

surfaces of a dipole is

1 o> (r 1 oo (r .
®0)= Oge L 0 g (g
dng |r—r| 4“‘90 ‘r_r+nddipole‘
where dg,. is the small distance between the two surface of a dipole, r* is a point on the small
surface s’.

Since d is very small, we can expand with a Taylor series expansion in

‘r — I+ 400
three dimensions:
1 o> (r o 1 .o°(r 1 .. oo (),
S \ (A ) .[s ( ) .[Sn ) ddipole -V L.)ds (27)
47[‘90 ‘r -r +nddipole 4756‘0 |r - r| Tfé‘o |r - r|

Plug Equation (2.7) into Equation (2.6), we have
8—1 :

; -V o (r')-d, — ds 2.8
dipole | r_| 4 go J.S ( ) dipole oz7' 7'=0 ( )

1 ..
O(r)=—-[Nn-d
(v) dne Is

0

G- ddipole

According to Gauss’ Law, we have E-fi-dgipoe = = ®°(r), where ®° represents

€0
the surface potential, we can find the relation between the potential generated by one dipole layer

and the surface potential of the dipole layer by plugging this equation into Equation (2.8),

12



5 1

1. |r=r|

_ L S e\ et
d)(r)_4nfS por z'=0(D (s)hds' (2.9)

2.2.2 Onedipole layer located over a grounded plane

Because d is very small, when we use image method by placing another dipole layer on the

dipole
other side of the grounded plane to make the potential on the plane equal 0, we can neglect this
small distance d .- The potential caused by these two dipole layers is given by

p 1

O (1) = 20(r) = % js% o) (@210)

2.3 THE BOUNDARY CONDTION

In this section, we will connect the measured potential V(r) with the actual surface potential by
imposing the boundary condition. You will see that the measured potential V/(r) is also a function
of charge density, but this charge density will be canceled later on.

The total potential at any point in the upper half-space, z>0, is given by the superposition
O@1) =0 (N+2°(r) (2.11)
where ®'(r) is the potential produced by the charges residing on the tip, and ®°(r) is the

potential generated by the dipole layer.

13



Since the tip surface is conductive, we assume that the tip surface is equipotential. So we

can impose the boundary condition ®(r) festT V(r) where <I>(r)r is the potential on the tip
(S S

St

surface and V(r) is the measure potential when r=(x, y, z).
Employing Equation (2.11), we obtain an integral equation for the tip surface charge
density

1
L e i e s i

|r—r| 4n80 r EIS oz |z'=

OCDS (shds', reS'  (2.12)

where r''=(x',y',—z") is the image point of r'=(x',y',z").

24  THE MINIMUM FORCE CONDITION FOR AM-KPFM

For amplitude-modulation KPFM, minimizing the vertical electrostatic force is equivalent to
nullifying the oscillation amplitude at electrical drive frequency. AM-KPFM works by applying

an ac voltage with frequency @, and amplitude V,_, superimposed on a dc voltage V between tip

ac !

and sample. Under this configuration, the electrostatic force F, is given by Equation (1.1) as

follows

1oC 1 oC . 1oC
el — E%[(\/dc _Vglobal )2 + Evai:| + % Wdc _Vglobal )‘/ac Sm(a)et) - Z%Vazc COS(2 X C()et)

where C is the capacitance of the tip-sample system, V.., is the 2D convolution of point spread

function and surface potential, d is tip-sample distance.

14



This electrostatic force consists of a static part and two contributions at w, and 2aw,. We
can see from Equation (1.1) that the amplitude at @, is nullified as the static part minimized.
Consider a small area on tip surface with area charge density o(r) and the unit normal A,

o)

€

the electrical field in this area can be expressed as E = . The electrical field this charged

area generated should be subtracted when we calculate the vertical force. Based on Gauss’s law,

o(r)A CdF = o’ (1) .

2¢, 2¢,

half of E in i direction should be subtracted, so E,, nds, where E__ is the

out

electrical field generated by other sources outside this charged area.

The electrostatic force F can be obtained by an integral

F- jsf’ Migs  (2.13)

2g,

The z component of the force can be expressed as

=%, s (214)

€y

z =0 can be expressed via Equation (19) as

2
ol =D d. 3ds

o _ %o -0 (2.15)
B, R,

15



2.5 THE MINIMUM FORCE GRADIENT CONDITION FOR FM-KPFM

For frequency-modulation KPFM, a better measurement of surface potential can be achieved by
using the force gradient as interaction signal [22]. Take derivative of Equation (1.1), the force

gradient is given by

> 1 0°C . 16°C
) +-V : j| + W (Vdc _Vglobal )‘/ac Sln(a)et) - Zad_gvazc COS(Z X wet)

(2.16)

In order to let V,, =V the static part of the force gradient should be minimized with

global

respect to tip potential V. Take derivative of Equation (2.15) with respect to tip-sample distance

d will give
2
o ajsl"z(r)ﬁ 3ds
2 _ %o (2.17)
ad ad

2
The minimum force gradient condition sdé;:\zl =0 can be expressed via Equation (2.17)

as
2
IS ) . 20
2 _ i) -0 (2.18)
adov odov

16



26  THE POINT SPREAD FUNCTION FOR A POINT

If we only consider the presence of the dipole layer, the dipole layer’s contribution to the
potential on the observation point can be expressed as a convolution by employing Equation
(2.10),

1

87
d/ey _ S _ 1 |r_zl| s 2
q) (r) - hd (le) *(D (X’y) - 27[ 82' Z.: O*q) (le) ( 19)

So the point spread function for a point (x,,Y,,z,) is

1
1 \/x2+y2+(zt—z')2 2., o, o gt
h (Xx,y)=— =—1(x +27)° 2.20
a(%Y) 27 oz' z'=0 27r( Ty ) ( )
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3.0 POINT SPREAD FUNCTIONS FOR DIFFERENT TIP PARAMETERS AND

SCAN MODES

In this section, we will find the point spread functions for AM-KPFM and FM-KPFM
corresponding to different tip parameters. The integral Equation (2.12) is difficult to solve
because of the unknown charge density on the tip surface. So we will introduce a finite elements

analysis to cancel this charge density.

3.1 THE POINT SPREAD FUNCTIONS FOR DIFFERENT TIP SHAPES IN AM-

KPFM MEASUREMENT

For AM-KPFM, Strassburg et al. [20] proposed a method to split the tip surface into a set of
elements {S } _, such that S'=UY;S; . We assume each small area S; has the same charge
density. Equation (2.12) can then be written as

[Ale=Vi-o° 3.1)
where [A] is an N by N matrix whose ijth element is given by

1 1

y ds' 3.2
i 4ne, ky i, —r| 47'580 (3:2)

=
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A represents the contribution of charge density in S} to the potential in S;. In Equation

(3.1), ©, 1 and ® are N vectors whose ith elements are ai, 1, and &)d(ri), respectively. The
charge density can be solved as

G=[A]'(VI-®%) (3.3)

We need to plug Equation (3.3) into minimum force condition to solve for V and cancel
this S . In discrete form, electrostatic force in z direction, Equation (2.14), can be expressed as

F,=5'[Blc  (3.4)

where [B] is an N by N diagonal matrix whose ith diagonal element is given by

B, = jsi(%ﬁ-ids (3.5)

0

A . . L . ... oOF
where Z denotes a unit vector in the z direction. The minimum force condition 8\; =0 can be

expressed via Equation (3.4)

AN
(a_v) [Bl=0 (3.6)

We plug Equation (3.3) into Equation (3.6) and obtain the relation between the

measured tip potential and the potential produced by the dipole layer:

a7\ gt a7\ 4a4d
v - AT A ] (Al sare e 6o
Since ®°(r) can be represented by a two-dimensional convolution of the surface

potential and a mask in Equation (2.19), we find that the measured tip potential can be

expressed as

V(X y)=ha () =@°(xy)  (3.8)
with the continuous point spread function,
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- _h - .
ey = (AT D BIALT] (AT BIAT R, @9)
3.1.1 The point spread functions of a spherical shape tip with different tip parameters

For a spherical tip surface (Figure 3) with tip-sample distance d and radius R, we can split the
cone into n segments in z-direction, and then we equally split one segment into m pieces in 360
degree to form a small area S;. We need to carefully choose the value of m to avoid singularity
of matrix [A]. We first determine [A] matrix based on Equation (3.2).

1.1 1 1
4ng, SE|ri —r|" 4ng, S§|ri —r"

Aij = dSI

where ds'= R’sinpdSde .
The first term of A; can be written as:

_ 1 ?j
ii .
' Ape,

J~arcsin(|—j/m—\/n) R’sin g -dpde  (3.10)

arcsin(|.j/m }/n) \/Rz—(d +R-7 J2+sin? R2—2cos psin Ry R?—(d+R—z ) +(d +R—z;—cos AR)

The second part of Aij can be written as

AD.. — arcsin([ j/m]/n) R’sin g dpde
U 4775 (p, = arcsmi]/mj/n)\/Rz d+R-z ) +sin® gR? ZCOSqJSInﬂR\/R (d+R-z ¥ +(d+R+z—cos fRY

(3.11)

where z; =d + R—/R? = x> —yZ (X, ¥;,2,) €S, .
We then can find the explicit expression of [A], whose ijth element is A; = Al; — A2,

We can determine matrix [B] from Equation (3.5)

B:; ZI tiﬁids
ii Si 280
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where 2ds = (d + R -z, )dzde.

So B; can be written as

_ L o asreR-(LFRO 2 _
B, = Lﬂ. 1jd+R W(d +R-z)dzdep (3.12)

where z, =d +R—/R* = x? —y?Z,(X,,Y,,2) €S/

With [A] and [B], we can determine the continuous point spread function for the conical

part of the tip from Equation (3.9).

- I = A, -
) = (A1 1) [BIAL 3] (2] ) [BIAL .
where ﬁd is an N vector whose ith element is the ith segment’s point spread function for a point

(x.,Y.,2,) €S on the ith segment of tip surface. It can be represented by the following equation:
Z. 3
g 0y) =2t x=x P+ -y 42z [ (319

where z; =d + R—/R? = x> —yZ (X, ¥;,2,) €S, .

We choose typical KPFM tip parameters: length | =10um, half-aperture angle 8 =22.5.

One-dimensional point spread functions calculated for various tip parameters are shown in

Figure 5 (a), (b).
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Figure 3. Hemisphere and flat sample surface

3.1.2 The point spread functions of a conical shape tip with different tip parameters

For a conical tip surface (similar to Figure 2) with tip-sample distance d, and length I, we can

split the cone into n segments in z-direction, and then we equally split one segment into m pieces
in 360 degree to form a small area S;. The number of m should be chosen carefully to avoid

singularity of matrix [A]. We first determine [A] matrix based on Equation (3.2).

1 1 , 1 1

Ai :4n.90 S}|ri = dne, s§|ri —r"

ds'

]
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(z'—zf )tan 0

dz'dp, z, =d + R—R/sin @ is the apex of the cone.
cosé

where ds'=

The first part of Aij can be written as

1

Al = j%‘ “%mﬂiﬂ? (Z'—zf)tanﬁlcosﬁ
i 47[80 Pi-1 LH(H)HHR \/(zi—z')2+(zi—zf)Ztan26+(z‘—zf)Ztan29—2(zi—zf)(z'—zf)tanzecoszp

dz'de

The second part of Aij can be written as

A2 — 1 J.Z.jil.l_(lf:)udJrR (z'—zf)tanﬁlcosa dZ'd(o

g 47[80 (RO 4R \/(zi+z')2+(zi—zf Ftan? 0+(z'-z; P tan? 0-2(z—2; )(z'~2; tan? 0cosg

where z, =d + R+ctg€(w/xi2 +yi - R)(xi, yi,Z) eS| .
We then can find the explicit expression of [A], whose ijth element is
A=A A% (3.16)

We can determine matrix [B] from Equation (3.5)

1 ..
Bii sttz—n'ZdS
1 80

where Zds = (z'~d )tan® &dz'dg .

So B, can be written as

B, =2i [ fher® (Z—d)tan’ lz'dp  (3.17)
P Lid+

where  z, :d+R+ctge(1/xi2+yi2 —R)(xi,yi,zi)esit , i.=123.,n, i =123

i=(in —DM+ip

(3.14)

(3.15)

.m , and

With [A] and [B], we can determine the continuous point spread function for the conical

part of the tip from Equation (3.9). ﬁd in Equation (3.9) is an N vector whose ith element is

g (0y) =[x, f o (y -y, F + 2]
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where z, =d + R+ctg€(w/xi2 +y7 - R)(xi,yi,zi) eS;.
3.1.3 The point spread function of a tip with both spherical part and conical part

For a tip with both hemispherical part and conical part, we use the same method to segment the

hemispherical part into t, =n, xm, segments and the conical part into t, =n_,xm_ segments,
and form a txt [A] matrix where t=t, +t_. As we mentioned in 11, the [A] matrix represent the

contribution of charge density to potential, we can thus calculated separately by dividing [A] into

4 segments: [Al] with elements A;,i=12,....t,, j=12,...,t,, represents the contribution of charge

dowelling on hemispherical part to its own potential, [AZ] with  elements

A=ttt =12, represents the contribution of charge dowelling on
hemispherical part to the potential on conical part, [A] with  elements
A'J ,i = 1,2,...,th y J = th+1’th+2 ,...,t

, represents the contribution of charge on conical part to

hemispherical part, and [A] with elements A;,i=t, .t ...t j=t, 5.t ...t represents the

contribution of charge on conical part to itself. [A] and [Ad] were already solved in I1l. A and

1. B. [A] and [As] can be calculated using the same equation for A and [A] but with
different z,, indicating the influence on the other part of the tip surface.
We choose typical KPFM tip parameters: length | =10um, half-aperture angle 8 =22.5°.

One-dimensional point spread functions calculated for various tip parameters are shown in

Figure 5 (c), (d).
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3.1.4 The point spread functions of a tip consisted of spherical part, conical part with a

carbon nanotube attached

For a tip consist of hemispherical part, conical part, and a carbon nanotube attached (Figure 4),
we use the same method to segment the spherical part into t, =n, xm, segments, the conical
part into t, =n_xm_ segments, the wire into t, =n,xm, segments and form a txt [A] matrix
where t=t, +t.+t,. The [A] matrix represents the contribution of charge density to potential,

we can thus calculated separately by dividing [A] into 9 segments. Each segment represents the

contribution of the charge dowelling on a segment to the potential of one of the three segments.

ZA

Figure 4. A tip consisted of hemispherical part, conical part with a carbon nanotube attached over flat sample

surface
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We choose typical KPFM tip parameters: length | =10.m, half-aperture angle 8 =22.5°,

tip radius R = 15 nm. One-dimensional point spread functions calculated for various tip
parameters are shown in Figure 7. As we can see from Figure 7 (a), the area under the curve of
tip consisted of only spherical and conical part is broader than the ones of tips with carbon
nanotube attached. That is due to the effect of the conical tip bodies, which will lower the
resolution of KPFM measurement. Also, as the length of the carbon nanotube increases, the PSF
gets sharper. Therefore, attaching a carbon nanotube can reduce the tip body effect in AM-

KPFM measurements, and gives better resolution as we can see from Figure 7.

3.2  THE POINT SPREAD FUNCTIONS FOR DIFFERENT TIP SHAPES IN FM-

KPFM MEASUREMENT

For FM-KPFM, we can utilize the same method to split the tip surface and assume each small
area has the same charge density. From Equation (3.2) and (3.3), we can see that G is a
function of both V and d.

Here minimum force gradient condition Equation (2.18) is utilized. We need to plug

Equation (3.3) into minimum force gradient condition to solve for V. We can use the same [A]

2
and [B] matrix in Section 3.1. The minimum force gradient condition sdg\zlzo can be

expressed via Equation (3.4)

[ 0% Jt[8]6 +£85jt[5 9 o (318)

adoV od ) ey
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We plug Equation (3.3) into Equation (3.18) and obtain the relation between the

measured tip potential and the potential produced by the dipole layer:

00 _ 4| O[A] 4\ 0D°
=lA { [A]*(Vi-&¢)+ 6d} (3.19)

%6 2 lAl s
=T CATT (3.20)
[P, 16° (1)~ [P, ]a‘D (n
V(r) = (3.21)

PV

t
where prefactor for V(r) is P, :2([A]l%[A]11J [B][A]™1, prefactor matrix for ®°(r) is

Td

[P.]1= ([B][A] 1) [A]? a[A][A]‘1 ([A]‘1 a[A][A]‘llj [BI[A]™", prefactor matrix for 8(;1;

is

[P, 1= ([BIAI'T) [A]".
Using (24), we find that the measured tip potential can be expressed as
V(X,y) =hey (x,y)*@°(xy)  (3.22)

with the continuous point spread function,

I o L

Ny (X,Y) = _— ad  (3.23)
\

We choose typical KPFM tip parameters: length | =10m, half-aperture angle 6 =22.5",.

One-dimensional point spread functions calculated for various tip shapes and parameters are
shown in Figure 6 (a), (b), (c), (d). In AM-KPFM, significant PSFs’ differences are observed
between those plots of the tips with and without conical tip body part. FM-KPFM measurement

significantly eliminates the tip body effect by reducing those differences. We can see that the
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area under the curves in FM-KPFM is narrower than the area in AM-KPFM. This will give FM-
KPFM measurements better resolution. In order to acquire better resolution for both AM-KPFM

and FM-KPFM, it is better to use the tips with carbon nanotube attached.
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Figure 5. One-dimensional point spread functions of various tip shapes for different tip parameters in AM-KPFM
measurement (a) One-dimensional PSFs of spherical tip for tip-sample distance, d of 1, 2, 5, 10, 20, 50 nm, R= 10
nm. (b) One-dimensional PSFs of spherical tip for tip apex radius, R of 1, 2, 5, 10, 20 nm, d=5 nm. (c) One-
dimensional PSFs of tip consisted of spherical and conical parts for tip-sample distance, d of 1, 2, 5, 10, 20, 50 nm,
R=10 nm. (d) One-dimensional PSFs of tip consisted of spherical and conical parts for tip apex radius, R of 1, 2, 5,

10, 20 nm, d=5 nm.
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Figure 6. One-dimensional point spread functions of various tip shapes for different tip parameters in FM-KPFM

measurement (a) One-dimensional PSFs of spherical tip for tip-sample distance, d of 1, 2, 5, 10, 20, 50 nm, R= 10

nm. (b) One-dimensional PSFs of spherical tip for tip apex radius, R of 1, 2, 5, 10, 20 nm, d=5 nm. (c) One-

dimensional PSFs of tip consisted of spherical and conical parts for tip-sample distance, d of 1, 2, 5, 10, 20, 50 nm,

R=10 nm. (d) One-dimensional PSFs of tip consisted of spherical and conical parts for tip apex radius, R of 1, 2, 5,

10, 20 nm, d=5 nm.
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Figure 7. One-dimensional point spread functions of tip consisted of spherical part, and conical part with a carbon

nanotube attached for different tip parameters (a) One-dimensional PSFs in AM-KPFM for the length of the carbon

nanotube, |, of 0, 50, 100, 150, 200 nm, d =5 nm, R= 15 nm, R, = 1 nm. (b) One-dimensional PSFs in FM-

KPFM for the length of the carbon nanotube, I, of 0, 50, 100, 150, 200 nm, d =5 nm, R=15nm, R, =1 nm.
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4.0 RESOLUTION

The resolution of KPFM has already been discussed by several authors [18, 19]. However, there
is lack of a clear definition of the resolution for KPFM. Colchero et al defined the resolution for
electrostatic force microscopy as the radius of a circle under the tip that contributes half to the
total interaction [23]. This definition is difficult to use for analysis since the interaction is
difficult to determine analytically.

We argue that the point spread function is a major determinant of the KPFM resolution.
We define the resolution of KPFM using Rayleigh criterion with PSFs that have no zero in the
neighborhood of their central maxima. Composite distribution can be generated using a certain
PSF to convolute two points on the sample. This composite distribution has a dip in the center
and two maxima. The resolution limit is defined as the distance for which the ratio of the value at
the central dip in the composite intensity distribution to that at the maxima on either side is equal
to 0.81 [24]. With this definition, we can analyze and compare the resolution of KPFM for

different scanning parameters under different scan modes.
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4.1 RESOLUTION OF KPFM WITH AMPLITUDE MODULATION

PSFs for different tip shapes are calculated to compare their effect on Rayleigh criterion
resolution. We use typical KPFM tip parameters: length | =10um, half-aperture angle 8 =22.5".

The resolution for different tip parameters is listed in Table 1.

Table 1. Comparison of resolution for the tip with spherical and conical part in AM-KPFM

Rayleigh Criteria Tip Apex Radius (nm)
Resolution (nm) 1 2 5 10 20
1 2.6 3.3 4.9 6.8 9.3
2 4.4 5.2 7.2 9.8 13.6
5 9.7 10.3 12.5 16.3 22.2
Tip-Sample
10 18.8 19.5 21.1 25.0 32.0

Distance (nm)

20 38.3 39.8 40.9 42.2 48.4

50 110.4 109.0 105.0 101.6 101.9

100 224.6 222.7 216.8 210.0 203.1

It shows that smaller tip-sample distance and tip apex radius gives better resolution.
Comparing to tip apex radius, tip-sample distance has larger effect on the resolution. It can be
seen from Figure 8 (a) that as tip-sample distance increasing for 1 nm to 20 nm, the effect of tip
apex radius on the resolution is decreasing. Based on our calculation, we can acquire higher
resolution KPFM image by limiting the value of tip-sample distance. Single-pass scan KPFM is
able to control tip-sample distance to a smaller value than dual-pass scan lift-up approach, which

inevitably ends up with larger tip-sample distance.
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Figure 8. Resolution of AM-KPFM and FM-KPFM for different tip parameters (a) AM-KPFM Resolution vs. Tip-
sample distance for tip apex radius, R=1 nm, 2 nm, 5 nm, 10 nm, 20 nm. (b) AM-KPFM Resolution vs. Tip apex
radius for tip-sample distance, d=1 nm, 2 nm, 5 nm, 10 nm, 20 nm. (¢) FM-KPFM Resolution vs. Tip-sample
distance for tip apex radius, R=1 nm, 2 nm, 5 nm, 10 nm, 20 nm. (d) FM-KPFM Resolution vs. Tip apex radius for

tip-sample distance, d=1 nm, 2 nm, 5 nm, 10 nm, 20 nm.

Finally, to further increase the resolution, we look into the effect of the tip with carbon
nanotube attached, or more specifically, the carbon nanotube’s effect on KPFM resolution
(Table 2). We can see from Table 2 that the tip with carbon nanotube attached does improve the
resolution over the tip with spherical and conical part by further reducing the tip body effect.

However, if we further increase the length of the carbon nanotube attached, the resolution only
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has small changes. As the tip-sample distance increases, this change becomes larger but not yet
substantial. Besides that, in KPFM measurements, increasing the length of the carbon nanotube

may introduce other problems, such as making the carbon nanotube more fragile and easy to

break.
Table 2. Comparison of resolution for the tip with carbon nanotube attached in AM-KPFM

Rayleigh Criteria Length of the carbon nanotube (nm)
Resolution (nm) 0* 50 100 150 200
1 6.6 2.3 2.3 2.3 2.3
2 10.5 3.9 3.9 3.9 3.9
Tip-Sample 5 18.0 9.0 9.0 9.0 9.0
Distance (nm) | 10 27.3 17.2 16.8 16.8 16.8
20 43.8 34.0 33.6 33.2 33.2
50 101.4 100.78 93.8 85.0 83.8

*: Here 0 means a tip with tip radius, R = 15 nm, and no carbon nanotube attached

42 RESOLUTION OF KPFM WITH FREQUENCY MODULATION

Since the FM-KPFM nullifies the oscillation amplitude at @, + @,, which is related to the force

gradient, we calculated the PSF by utilizing minimum force gradient condition. The PSFs for
FM-KPFM is expected to provide us better resolution. The resolution results we computed is
listed in Table 3. It shows that FM-KPFM further increase the resolution than single scanned
AM-KPFM. It can be seen from Table 3 that as tip-sample distance increasing from 1 nm to 20

nm, the improvement of resolution over AM-KPFM measurements becomes more significant.
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Zerweck et al. state that the force gradient is much more confined to the tip front end than the
force [18]. Compared Figure 8 (a) with (c), (b) with (d), our results support Zerweck’s
statement since the effect of tip apex’s parameters on the resolution is larger than the one in AM-

KPFM measurement.

Table 3. Comparison of resolution for the tip consisted of spherical and conical parts in FM-KPFM

Rayleigh Criteria Tip Apex Radius (nm)

Resolution (nm) 1 2 5 10 20
1 1.9 2.5 3.8 5.2 6.9
2 3.0 3.8 55 7.6 10.4
5} 6.6 7.0 94 12.4 17.1

Tip-Sample
10 12.5 12.9 14.8 18.4 24.7

Distance (nm)

20 24.6 25.0 26.6 29.7 36.3
50 64.0 63.3 62.0 62.0 66.0

100 130.0 128.9 126.0 124.0 124.0

We can see from Table 4 that FM-KPFM provides better resolution for tip with carbon
nanotube attached than AM-KPFM. Using a carbon nanotube attached tip with radius about 1 nm
will provide a resolution of 6 nm for FM-KPFM in ambient condition when the tip-sample

distance is controlled within 5nm.
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Table 4. Comparison of resolution for FM-KPFM

Rayleigh Criteria Length of the carbon nanotube (nm)
Resolution (nm) 0* 50 100 150 200
1 5.5 2.0 2.0 2.0 2.0
2 8.2 3.1 3.1 3.1 3.1
Tip-Sample 5 141 6.3 6.3 6.3 6.3
Distance (nm) | 10 21.1 11.7 11.7 11.7 11.7
20 32.8 23.4 23.0 23.0 23.0
50 68.0 60.4 58.0 57.4 56.8

*: Here 0 means a tip with tip radius, R = 15 nm, and no carbon nanotube attached
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5.0 SENSITIVITY

In KPFM measurements, the comparison between the electrostatically induced oscillation
amplitude and the noise N gives the sensitivity of the smallest measurable contact potential
difference. This noise, N, consists of two major parts: the thermally induced noise of the
cantilever by Brownian motion, and the noise of optical beam deflection sensor.

For the optical beam deflection sensor noise, the noise density n,, is about 100 to 1000

fm/+/Hz .

For the thermally induced noise, the noise density n,; can be determined by:

4k T 1 2k, T 1
nZB = ° 2 > = ; 2 2 (51)
Qka, o, lo Qkf, f°, 1 f
==+ 7 3 (1-22) "+ 72
Wy Q" fo Q” 1,

where k, is the Boltzmann constant, T is the absolute temperature, k is the spring constant of the
cantilever, Q is the quality factor of the cantilever, @, is the resonant angular frequency of the

cantilever.
We also need to calculate the detected electrostatic force at the frequency of electrical

drive and the oscillation amplitude at the same frequency caused by it. Equation (1.2) provides

us an approach to determine F, (w,) by computing % first.
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It is suspect that the carbon nanotube attached tip may not provide sufficient sensitivity
because of the small area between the carbon nanotube end the sample surface. In this section,

we will analyze the sensitivity of KPFM especially when a carbon nanotube attached tip is used.

5.1 ELECTROSTATIC FORCE FOR TIP WITH CARBON NANOTUBE

ATTACHED

The tip and sample system can also be modeled as Figure 4. Besides Equation (1.2), the

electrostatic force between the tip and sample can be also represented by the following equation:

2 2
F, = Ists :1§V2 ~ &V IS 1 st
2 2 ad 2 “a(xy,z) (5.2)

where a(X, Y, z) is the arc length of the circular segment coming from the tip at position X, y, z.

From Equation (5.2), we can get the relation

oC 1
— = ——ds (5.3
6d gOIS a(x’ y,Z)2 ( )

The total electrostatic force consists three parts: spherical contribution, conical

contribution, and carbon nanotube’s contribution. We can evaluate these three parts separately.
Typical tip parameters are used: tip radius, R=15 nm, half apex angle, 8 =22.5", radius of

carbon nanotube, R, =1nm.
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5.1.1 Spherical contribution

For this spherical part, we can use Figure 3 to illustrate the relation of the tip surface and the

sample. Herea(x, y, z) can be evaluated by the following equation

[d+1,, +R(1-cos )]
sin g

a(x,y.2)=? (5.4)

where d is the tip-sample distance, I, is the length of the carbon nanotube.

On this spherical surface, we can construct an infinitesimal surface ds = R*sinpdSd¢ .

Plugging Equation (5.4) to Equation (5.3), the derivative of the capacitance for this part

5(33 can be written as

- i sin® g
s = 27e,R2[12 0 d >
d 0 Iasln(Rw/R) ﬂz[d + ItW + R(l_ COSﬂ)]Z ﬂ ( )

When R >> R, R, the analytical solution can be found by determining the upper and

lower limit for Equation (5.5),

oC
od

1-siné
(d+1,)[d +1, + R(L-sin )]

s = 2me,R?

(5.6)

5.1.2 Conical contribution

Now we need to calculate the conical part’s contribution. At height z, a(x, y, z) can be evaluated

by the following equation

a(x,y,z) = (% — 6) cozse (5.7)
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On this spherical surface, we can construct an infinitesimal surface
ds=(z-z,)tan’@dedz , wherez, =d +1, + R — R/sin @ is the apex of the cone.

Plugging Equation (5.7) into Equation (5.3), we have

in’ -1
68(;C _ 2750 S f ::III‘ZV:FIQ(l—sinQ) 2 ~dz
(z/2-0) z U (5.8)
_2zEsin® 0 d+1y, +1 4, Ricos 6/sin’ 0
(z/2—6)F \ d+1,+R(l-sing) d+l, +R(1-sin®)

5.1.3 Carbon nanotube contribution

The front top of the carbon nanotube is modeled as a hemisphere with radius, R, =1nm. In

Figure 4, we can see that in our model, the carbon nanotube is perpendicular to the sample
. . . . oC .
surface. Since the area on the cylinder will not contribute to a0 we can only consider the
hemispherical part of the carbon nanotube.
_ . - . oC,,
We can use similar analysis as we did in Section 5.1.2. ﬁcan be calculated by the

following equation

oc R?
W pze W (59
i ogaar) Y

For a tip consisted of spherical and conical parts with a carbon nanotube attached, the

derivative of capacitance C is given by:

R?(1-sin ) RZ
oc (d+1 Jd+1_ +Rl-sing)] d(d+R,)
I tw tw W
ad 2mey sin” In d+l, +1 1. R? cos? §/sin® 6 (510)
(z/2—6) " d+1, +R(L-sino) d+l,+R(1-sing)

40



5.2  SENSITIVITY OF AM-KPFM

In AM-KPFM, the electrostatically induced amplitude at lock-in frequency can be estimated by
modeling the cantilever as a harmonic oscillator with resonant angular frequency ,, quality
factor Q, and spring constant k. The oscillation amplitude A at drive frequency @ under a

driving force, F, cos(at), is given by the following equation:

a=Fo 1 s

Kila-2y 1@
2 2 2
Wy Q"

According to Equation (1.2), F, =oC/ad Mc ~Vg10nal )\/ac , the oscillation amplitude at @

becomes:

Ae _ aC/ad (Vdc _Vglobal )‘/ac 1

(5.12)

2

‘ -2y +
Wy

2
Qe
For a tip consisted of spherical and conical parts with a carbon nanotube attached, the
derivative of capacitance C is given by Equation (5.10)
By letting A, = nZO\/E (B is the band response width of the lock-in amplifier), we can

find the minimum detectable potential difference limited by the optical beam deflection sensor

noise;

2 2
mo :M (l_w_z)z +i2a)_2
oC/odV,, Z TR o

Letting A, = nZB\/g, we can find the minimum detectable potential difference limited by

the thermally induced noise:
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v _ [4k,TKB 1
mB
Quy C/odVy, (514

The combination of the sensitivity derived from the two noise sources become the

ultimate sensitivity, which can be determined as:

_ 2 2
VCPD,min - VmO +VmB

(5.15)

For a probe (Bruker-AXS SCM-PIT, coated with Pt/Ir) with k=2.8N/m, f,=75kHz,

Q=100 in ambient condition, & = 22.5°and the following typical parameters: T=300K, B=5Hz,

V.. =2V, the sensitivities corresponding to tip-surface distance and the length of the carbon

nanotube are plotted in Figure 9 (a), (b) for single pass AM-KPFM. For dual-pass lift-up scan

AM-KPFM, the sensitivities are plotted in Figure 9 (c), (d) for comparison.

5.3  SENSITIVITY OF FM-KPFM

In FM-KPFM measurements, with the presence of small force gradient oF /ad , the phase of the
oscillation at the drive frequency w, shifts Aqoz—Q(aF/ad)/k. Noting Equation (1), the
oscillation of cantilever at resonant frequency becomes

: o°C 1 1
A(t) = AO Sm{a)mt - %W[((Vdc _Vglobal )Z + Evaij + 2(\/dc _Vglobal )‘/ac COS((Oet) - Evai Cos(zwet)}}
(5.16)
When the phase shift is small, Equation (5.16) can be written as the following form
A(t) = A, sin(w,t — @)+ 2A, .. sin(a,t)cos(a,t — ¢)+ 2A, ., cos(2m,t)cos(m, t — ¢)

(5.17)
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where

Q &%C 1
¢ = Ead_z (Vdc _Vglobal )2 + Evazc )

2
Aﬂie = g oc 6/dc _Vglobal )‘/ac )

2k od*?
Q d°C,,,
__ ARy
AﬂiZe A) 8k adz ac

This A, represents the oscillation amplitude at the sidebands ,, + @,. The mechanical

oscillation A, is fairly close to the tip-sample distance d in single pass KPFM. The deflection

sensor noise and the thermally induced noise can be calculated using the similar way as we

explained in Section 5.2.
By letting A, = nzo\/E (B is the band response width of the lock-in amplifier), we can

find the minimum detectable potential difference limited by the optical beam deflection sensor

noise:

3 —2an0\/§
" AQé*C/ad?V,,

(5.18)

Letting A, =n,+/B, we can find the minimum detectable potential difference limited by

the thermally induced noise:

Voo \/16kakB 1 1 (5.19)

"\ Q, (1_0)72)2+i6072 0°C/ad?V,,
% Q' a}
The combination of the sensitivity derived from the two noise sources become the

ultimate sensitivity, which can be determined as:

VCPD,min = \/Vn?o +Vr§B (5-20)
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For a probe (Bruker-AXS SCM-PIT, coated with Pt/Ir) with k=2.8N/m, f,=75kHz,

Q=100 in ambient condition, # = 22.5°and the following typical parameters: T=300K, B=5Hz,

V.. =2V, the sensitivities corresponding to tip-surface distance and the length of the carbon

ac

nanotube are plotted in Figure 10 (a), (b) for FM-KPFM.
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Figure 9. Sensitivity of tips with carbon nanotube attached in AM-KPFM, |tW of 0, 50, 100, 150, 200 nm, d=1, 2, 5,
10 nm, R=15 nm, R,,=1nm (a) Sensitivity of AM-KPFM single scan vs. |tW with different tip-sample distances, d.

(b) Sensitivity of AM-KPFM single scan vs. tip-sample distances d with different Itw . (c) Sensitivity of AM-KPFM
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dual-pass lift-up scan vs. |tW with different tip-sample distances, d. (d) Sensitivity of AM-KPFM dual-pass lift-up

scan vs. tip-sample distances d with different |tW .
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Figure 10.Sensitivity of tips with carbon nanotube attached in FM-KPFM, |tW of 0, 50, 100, 150, 200 nm, d=1, 2, 5,
10 nm, R=15 nm, R,,=1nm (a) Sensitivity vs. |tW with different tip-sample distances, d. (b) Sensitivity vs. tip-

sample distances d with different I, .

54  SENSITIVITY COMPARASION

According to Equation 5.13 and 5.14, it can be easily seen that the minimum detectable voltage
is proportional to tip-sample distance, d (Figure 9 (b), (d)) and inverse proportional to the tip
radius R. Thus, smaller tip-sample distance results in both better sensitivity and resolution (See
Section 4). However, a better sensitivity requires a larger tip apex radius, which leads to lower
resolution.

The sensitivity in single-pass scan is given in Figure 9 (a), (b). Dual-pass lift-up scan

mode results is plotted in Figure 9 (c), (d). Even though the sensitivity of single-pass scan AM-

45



KPFM is lower than that of dual-pass scan AM-KPFM for same tip-sample distance. In practical
usage, the sensitivity of single-pass scan AM-KPFM is comparable to that of dual-pass scan
AM-KPFM considering it is much easier to maintain a smaller tip-sample distance in single-pass
scan mode. If we consider the typical parameters we are using for these two modes without
carbon nanotube attached on tip, single-pass scan mode offers similar sensitivity,

Vepp min =2.8MV  (tip-sample distance, d=5nm, tip radius, R=15nm), to dual-pass lift-up scan
mode, Vepp min =2.6mMV (d=20nm, R=15nm). When a carbon nanotube is attached, the comparison

is similar. In general the sensitivity of KPFM has lower sensitivity when a carbon nanotube
attached tip is used.

From the finding, it can be seen that FM-KPFM provides better sensitivity as well as
better resolution than AM-KPFEM. In Figure 10, we can see the sensitivity of FM-KPFM is at
least two orders of magnitude better than single-pass AM-KPFM. If we compare the sensitivity
of FM-KPFM using a carbon nanotube attached tip and that of dual-pass lift-up AM-KPFM
using bare tip, FM-KPFM still outperforms dual-pass lift-up scan mode AM-KPFM under same
operating conditions. .

As we can see from Figure 9 and Figure 10, the sensitivity deteriorates as the length of
the carbon nanotube increases when the tip-sample distance is larger. Therefore, a short length of
carbon nanotube is beneficial to the sensitivity. Considering a longer carbon nanotube does not
improve the resolution so much (Table 4), we suggest that the length of carbon nanotube should

less than 50nm in order to obtain both better resolution and sensitivity.
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6.0 CONCLUSION

In this thesis, we study the resolution of KPFM and understand different working mechanisms
and probe parameters, we find the analytical expressions of point spread function by establishing
an electrostatic model. Analytical expressions of PSFs of both amplitude-modulation and
frequency-modulation Kelvin Probe Force Microscopy for tips with and without carbon
nanotube attached are calculated. From these PSFs, we can find the resolution limit and
sensitivity in KPFM measurement.

Our study shows that tips with carbon nanotube attached gives better resolution and
relatively good sensitivity. Since the single-pass scan KPFM is able to precisely control the tip-
sample distance to a much smaller value than dual-pass lift-up scan KPFM, it is safe to say that
single-pass scan KPFM has the ability to achieve higher resolution than dual-pass scan KPFM.
Also, FM-KPFM can achieve better resolution and sensitivity than AM-KPFM. Attaching a
carbon nanotube will provide better resolution. However, further increase the length of the
carbon nanotube may not get better result, and can cause other problems, such as making the
carbon nanotube easier to break.

Our study also shows that the single-pass scan KPFM has comparable or even better
sensitivity than dual-pass lift-up scan KPFM in AM-KPFM measurements. In FM-KPFM

measurements, the sensitivity performance is much better than AM-KPFM. Attaching a carbon
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nanotube to the tip will reduce the sensitivity. This is another reason why we should not use very

long carbon nanotube in this circumstance.
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