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CONCEPTION OF THE KELVIN METHOD
ON THE BASIS OF A MECHANIC-ELECTRICAL
TRANSFORMATION

1. Introduction

The Kelvin method was based on the concept of the dynamic capacitor recharging by a contact
potential difference. The present paper draws attention to the fact that the contact potential
difference is not the same physical agent as the electrical potential difference due to the elec-
tromotive force. It cannot act as an active electrical voltage and, accordingly, cause the flow
of an electric recharging current. The real reason for the appearance of a measured signal
s the transformation of the electrode movement mechanical energy into the electric current
energy. The current is generated due to periodic changes in the screening conditions of electro-
static charges above the investigated surface. Investigations are made of the method sensitivity
to the amount of charges on the sample surface. It is shown that the measurement results
are interpreted without invoking the ideas of the work function. Therefore, the method can be
successfully used in studies of organic and biological materials and electrolytes. The proposed
mechanism is applicable in both the investigations of macroscopic distributions of the surface
charge and the atomic scale in the Kelvin probe force microscopy.

Keywords: nondestructive testing, Kelvin method, contact potential difference, surface
charge measurements.

microscopy [6]. It is considered that the measured sig-
nal in the Kelvin method is due to the action of a

The Kelvin method is widely used for the nonde-
structive testing of the surfaces of materials. It is
applicable to measure the work functions of solids
[1]. The efficiency of the method in investigations of
the charging of surfaces of dielectrics, semiconduc-
tors, and nanostructures was demonstrated in [2-
4]. The results of investigation of conditions for the
surface photo-emf occurrence and its magnitude mea-
surements can be used for the improvement of so-
lar cell characteristics [5]. The development of this
method has led to the creation of Kelvin probe force
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contact potential difference (CPD) [1, 7]. However,
CPD is not equivalent to the electric voltage caus-
ing the current flow in an electric circuit. To obtain
the current, it is necessary to apply an external force
of a different nature than that of the electrostatic
force in contacts. Heating or illuminating one of the
contacts can cause such forces. Under the action of
these forces, the Fermi energy gradient is established,
and, accordingly, the directed motion of electrons is
arisen (thermo and photo electricity). The only pos-
sible source of external forces in the Kelvin method
can be associated with the reciprocating motion of
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Fig. 1. Installation for CPD measurements with the use of a
dynamic capacitor. I and 2 — plates of the dynamic capacitor,
8 and 4 — activator and AC source, 5 — null — indicator, 6 and
7 — voltmeter and DC source
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Fig. 2. Recharging the dynamic capacitor due to the motion
of its plate

the dynamic capacitor plate. But this factor does not
change the energy of electrons in a solid and cannot
lead to the appearance of a Fermi energy gradient. To
explain the reason for the appearance of a mea-
sured signal in the Kelvin method, a mechanism of
mechanic-electrical transformations (MET) was pro-
posed [8]. The consideration of the MET mechanism
in the lecture course on “Electricity” will be useful
for understanding the physical basic of the Kelvin
method.

2. Theory of Measurements

The development of the Kelvin method became pos-
sible due to using the dynamic capacitor proposed
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in [9]. Experimental setups for applications of the
method are being continuously improved [10, 11]. Ba-
sic components of a setup for CPD measurements be-
tween metals 7 and 2 are shown in Fig. 1.

An electrodynamic or piezoelectric vibrator acti-
vates the reciprocating motion of plate 1. It is as-
sumed that, in the circuit containing such a dynamic
capacitor, the current appears [1, 7]:

=%
Cdt

By regulating the value and polarity of the volt-
age Vpc, one reduces this current to zero: EC =
0. This is achieved, when Vpc = Vopp. So, the mea-
surements of Vepp are based on the compensation
principle. In compensatory methods, the real acting
factors of comparison are not the voltages, but the
electric currents caused by them. The null-indicator
A (Fig. 1) is destined for measuring these currents
and for indicating the state of their mutual compensa-
tion: %ch = EB. The current %B is caused by recharg-
ing the capacitor by the voltage Vpc from the electro-
motive force of battery B. For the capacity of a unit
area, we get

Upc — Ucpp) = iB — icpp. (1)

£paw cos wt
T
where gg is the permittivity constant, a and w are
the amplitude and frequency of oscillations of plate
1, and D = Dy + asinwt.

The similar reason is generally assumed for arising
the current ECPD = %UCPD. However, Ucpp can-
not recharge the dynamic capacitor and be the di-
rect cause for the current icpp. In the electric circuit
shown in Fig. 1, all contacts have the same tempera-
ture. Therefore, there is no the emf of contact nature.
Recharging the dynamic capacitor and the generation
of an alternating signal occur according to the MET
mechanism [8]. We explain this mechanism, by using
Fig. 2.

In the simplest case, we assume that plates 1
and 2 are made of the same metal. So, the con-
tact potential difference between them does not arise
(Ucpp = 0). The layer of charges with density @ is
located at distances d; and ds from the plates (here-
after, indices 1 and 2 denote the corresponding ca-
pacitor plates). The electric field of this charge in-
duces the screening charges q; and g2 on the capac-
itor plates (the charges’ densities are taken per unit

Upc, (2)
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surface). When plate 1 moves away from plate 2, the
ratio dy /ds increases. This leads to a redistribution of
the screening charges: ¢; decreases, and g2 increases
(Fig. 2, a). This causes the electric current to flow in
the external circuit of the dynamic capacitor. Then
plate I moves toward to plate 2 and the relations
d1/d2, q1/q2 and current flow direction are changed
in the reverse order (Fig. 2, b). The expression for
the alternating current %Q arising in this process was
obtained in [8]:

[Q _da _
= = = p)
dt (di + da)

daQ a w cos wt

(3)

where d = di + asinwt.

The current zb has a real electric power and can be
measured by an external device A. In this technique,
the dynamic capacitor is a mechanic-electrical trans-
former (MET). The electric field of the static charge
becomes the source of the emf under the action of
external forces caused by the mechanical reciprocat-
ing motion. The voltage measured by the voltmeter
V, when A = 0, is the compensation voltage Ucg. Its
theoretical value can be found by equating the cur-
rents from formulas (2) and (3): ip = 222 Taking into
account that D = d~1 + da, we get

Uos = ng. (4)

Thus, by the Kelvin method, one can determine
the properties of a charged layer situated above the
investigated surface.

3. Results of Experimental Measurements
3.1. The charge on a dielectric layer

The verification of formula (4) was performed in
model experiment. The measurements were carried
out on a silicon sample with a layer of thermal ox-
ide. The corona charging method was used to deposit
a charge @ on the sample surface [12, 13]. The oxide
thickness of 25 nm served as the dy gap in formula
(4). The charge @ has been step by step incremented
by adding the identical doses controlled by the time
of deposition. Compensation voltage values Ucp were
measured after each increment of the charge. The ob-
tained dependence of Ucp on the number of doses n
is shown in Fig. 3.
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Fig. 3. Dependence of the compensation voltage Ucp on the
number of doses n of the deposited charge

In the figure, two parts with opposite inclinations
are seen at the Ucp(n) dependence: the LHS one was
obtained by incrementing the positive charge density
@, whereas the RHS segment — under the reverse
sign of the deposited charge. If a single deposition
dose was g, the charge Q(n) = n@Q corresponds
to each n. Taking this into account, we see that the
data of Fig. 3 show the Ucp(Q) dependence. It is
seen that this dependence is a linear one. Hence,
the mechanic-electrical transformations are realized
in the experiments under the conditions that meet
formula (4). Similar results were obtained on sam-
ples with SiO layers over a wide range of thicknesses
[8, 14]. Using formula (4), it is possible to determine
the value of the charge density Q)4 for a known layer
thickness ds. For example, from the data presented
in Fig. 3, we obtain that Qg values are 2.6 x 10!
and 6.7 x 10! for positive and negative elementary
charges per cm?, respectively (here, the dielectric con-
stant of SiOy is taken ¢ = 4). On the other hand,
with the known density of the deposited charge, it
is possible to determine the thickness of the dielec-
tric layer. The charge deposition can also be used
for the decoration of thickness variations in dielectric
films. Heterogeneous oxide films cover the surfaces of
silicon plates after their chemical cleaning. Measuring
the Ucp distribution over the Si wafer surface is ap-
plied for a nondestructive control over the chemical
processing quality [2, 3]. The UV pre-irradiation of
the plate can be also used for the decoration of is-
land films [15]. The possibility of detecting the charge
covers has found its application in studying the ad-
sorption-desorption processes [16]. Results of such
research works can be used in the development of var-
ious sensors [17].
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3.2. The charge forming
the surface potential barrier

Above the atomically clean surface, there is a layer of
negative charges, which prevents electrons to escape
from a solid [1, 5]. This charged layer participates in
the formation of a surface potential barrier. Its height
is characterized by the work A, which must be done
for an electron to escape into the vacuum. As any
work, a product of the applied force f and the tra-
versed path S determines it. The charge layer posi-
tion above an atomically clean surface is schemati-
cally the same as near plate 2 in Fig. 2. Using the
notation of parameters, as in this figure, we get

A = eqﬁdg, (5)
€o

where egs/eg is the electrostatic deceleration force
f acting on the electron by the charged layer along
the path ds. In metals, the work A is equal to the
work function W. Therefore, formula (5) can be used
to estimate the value of the surface electron den-
sity n; in the layer above an clean surface. Let us
take the work function W = 4.5 eV. It corresponds
to the value obtained in the emission studies of a
large number of solids [1, 18]. The distance dy from
the layer to the surface is unknown. Suppose that its
minimum value is comparable to the interatomic dis-
tance of the crystal lattice (d2 ~ 1 nm), and the
maximum value exceeds it by the order of magnitude
(d2 =~ 10 nm). Being calculated for these two values of
ds, the magnitudes of n; are 2.5x10'® cm™2 and 2.5 x
x 102 cm™2, respectively. Electrons move freely, and,
because of the mutual repulsion, they are uniformly
distributed in the plane of the layer. This distribution
can be represented as a dynamically changing grid,
which is not modulated by the crystal lattice. The
period of such a grid corresponds to the interelec-
tron spacing [ averaged over the area. Calculations of
the values of [ at the maximum and minimum val-
ues of n; given above showed that the electron lat-
tice period is by 5 to 10 times larger than the inter-
atomic distance in the crystal. The Kelvin method
has been used only to determine the difference in
the work function of plates of the dynamic capac-
itor (eUcg = Wy — W7). Therefore, it is necessary
to consider a system, in which there are layers of
charges above each of the plates. With oscillations of
one plate, the mutual positions of all components of
the system undergo periodic variations. Therefore, a
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charged layer above each plate will lead to the oc-
currence of charge exchange currents due the MET
mechanism. Taking formula (6) into account, we ob-
tain the compensation voltage for this case:

enpidar  engada
Ucp = - ’ (6)
€0 €0

where ny1,ds; and njo,dog are the charge densities
and their distances to the surfaces of plates 1 and
2, respectively. Thus, the measured value Ucp char-
acterizes the difference in the heights of the sur-
face potential barriers, and not the electrical poten-
tial difference, which can cause the Ohmic current
flow. When studying the atomically clean surfaces of
solids, the measured signal does not usually exceed
0.3 V [9, 20]. Assuming ds; = dz =~ 5 nm, it fol-
lows from the calculation by formula (6) that, to ob-
tain the signal Ucp ~ 0.3 V, it is necessary that
nip — nip ~ 3 x 101 e/cm?. In this case, ny; only
by 6 percents exceeds m;3. The method enables the
detection of even smaller differences in n; on the in-
vestigated and reference surfaces, since the sensitivity
of experimental installations usually is not less than
0.01 V [7, 10, 11, 13].

3.3. Dipoles on solid surfaces

A layer of dipoles above the solid surface can be the
cause for the existence of a potential barrier that de-
termines the value of work function [5]. PD inside the
layer of N dipoles is the same as in a plane-parallel
capacitor with a gap equal to the dipole length [:

Uo =Ny, M)
€o

This potential difference prevents the escape of
electrons from the solid, and, therefore, it affects
the value of W determined by emission methods. As
shown in [8], the same layer of dipoles, being inves-
tigated by the Kelvin method, determines the mea-
sured compensation voltage as

eNl In 2ds /1

Ucg = — .
BT ey In2d, /1 + In2dy/l

(8)

In this formula, the first term is the same as in
formula (7). The second one may take values be-
tween 0.2 and 0.04, if we accept the realistic values
of l=10"2 m and d; = 3 x 10™* m, and ds is taken
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between 107 m and 108 m. Thus, the dipole com-
ponent in the surface barrier exerts a significantly
weaker influence on the results of the work function
measurements conducted by the Kelvin method, as
compared to the emission methods. A simple expla-
nation of this fact is that the MET-generated signal
in a dynamic capacitor is caused by the external field
of a dipole, which is essentially weaker than dipole’s
internal field influencing the emission currents.

3.4. Real surface of a solid

The real surface is one that is obtained after the
mechanical treatment and chemical cleaning. It is
covered with impurities and various chemical com-
pounds (including oxide layers) in such degree that
it is difficult to establish the physical boundary of
a solid. Therefore, a simple single-layer model of the
surface (Fig. 2) is not applicable. The signal in the
circuit of a dynamic capacitor is formed by the over-
all action of all charges situated above the real sur-
face. These include ions and polarized molecules on
the surface and in an ambient gas. The charges may
be accumulated, for example, on Si wafers in the pro-
cess of chemical treatments used in microelectron-
ics. In practice, the high sensitivity of the Kelvin
method to a summary presence of charged objects
is used.

3.5. Mapping electrostatic
charge coverage over the sample surface

In most of the experimental setups, the reference
electrode (plate I in Fig. 1) is made as a point
probe. Usually, it has the flat end of a rod with a
diameter of 0.2-0.5 mm. The investigated sample is
scanned under the probe for getting the distribution
of Ucp over the sample surface. The spatial resolu-
tion of the inhomogeneity in such installations is of
the same order as the diameter of the reference elec-
trode. The Kelvin method is called classical in such
an application. Combining the methods of Kelvin and
atomic force microscopy (AFM) allows one to increase
the spatial resolution to the nanometer-scale imag-
ing [6, 21]. In the Kelvin Probe Force Microscopy
(KPFM), the reference electrode is the tip of the
AFM cantilever (Fig. 4).

In the installation, an autonomous vibrator such
as & in Fig. 1 is absent. The tip is brought into
the reciprocating motion by applying the alternating
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Fig. 4. Installation for Kelvin Probe Force Microscopy. 1 —
tip of the AFM cantilever, 2 — sample, & — AC source, 4 and
5 — voltmeter and DC source, 6 — laser, 7 — position-sensitive
detector

voltage V¢ sin(wt) between the cantilever and the
sample. The voltage periodically changes the charge
of the tip-sample capacitor. This leads to changing
the attractive force between the elements of the ca-
pacitor (Fc ~ CV?) and to the cantilever oscilla-
tion. There are three components of the force Fg:
Fo = F + F, + F»,, where F is a constant force, F,,
and F5,, are its first and second harmonics. It is as-
sumed that the first harmonic F,, is due to the action
of the contact potential difference Vopp. In the pres-
ence of a constant voltage Vpc in the circuit Fig. 4,
the force F,, reads [6, 21]

9C(z)

Fo=—"5."

(VDC — VCPD)VAC sin(wt). (9)

This force can be nullified, if an applied exter-
nal bias Vpc has the same magnitude as the Vepp,
but with opposite sign. This condition has been de-
tected by the absence of oscillations of the laser
beam reflected from the cantilever at the frequency
w (Fig. 4). Comparison of formulas (1) and (9) shows
that, in both classical Kelvin method and KPFM, it is
assumed the same principle: Vopp is compensated by
Vbe (Vbe = Vepp). But really, in the first method,
the compensation of currents is used, whereas the sec-
ond method employs the compensation of the force
perturbations in the dynamic capacitor. Vepp can-
not be the cause for none of these factors, because
it is not supported by any emf source. Just as in the
classical Kelvin method, the results of KPFM stud-
ies are due to the MET mechanism. The first har-
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monic F,, is strongly affected by a short-range force
between the tip and the charge situated above the
sample surface. When the cantilever oscillates, the
strength of the interaction is modulated because of
the redistribution of screening charges, as shown in
Fig. 2.

It is commonly accepted that the detected changes
Ucgp, when scanning the samples, are due to vari-
ations in the work function at different points of
the investigated surface. Such an approach can be
applied, if the dimensions of the W inhomogeneity
are at least by an order of magnitude greater than
the surface interatomic distances. At the same time,
KPFM allows one to detect the Ucp inhomogeneity
on the atomic scale. The concepts of local work func-
tion and local contact potential difference (LCPD) are
used in atomic-resolution KPFM [6]. Both of these
concepts cannot correspond to those used in classi-
cal physics. Now, the LCPD characterizes the short-
range force between the cantilever tip and the surface
atoms. The detected Ugp-inhomogeneities are due to
the inhomogeneity in the charge density @ localized
on the surface [formulas (4), (6), and (8)]. The work
function and contact potential difference are not used
in the MET concept. That is why it became possible
to successfully apply KPFM for the investigation of
surfaces of organic, biological materials [21-25], and
even electrolytes [26]. The concept of the work func-
tion accepted for solids is not applicable to the men-
tioned materials at all.

4. Conclusions

1. The signal measured in the Kelvin method is due
to the mechanism of mechanic-electrical energy trans-
formations. In a dynamic capacitor, the mechanical
energy of the movable electrode is transformed into
the energy of the electric current. This current is gen-
erated due to periodic variations in the screening con-
ditions of the electrostatic charge situated above the
investigated surface. In the classical Kelvin method,
the charging current of the dynamic capacitor is com-
pensated, whereas, in KPFM, the force perturbations
caused by this charge are suppressed.

2. The method makes it possible to determine
the value of the deposited charge on the surface
of the dielectric layer or its thickness. Estimates of
the method sensitivity were carried out. The method
makes it possible to detect the surface density of
charges less than 10 percents of a monolayer. The
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high sensitivity of the method to the detection
of charges underlies its technical applications. The
method is employed for the nondestructive quality
control over semiconductor wafers used in microelec-
tronics. It finds its application to the study of adsorp-
tion processes, as well as in the development of the
sensor technology and planar sources of photo-emf.

3. The results of the measurements are interpreted
without using the concept of the work function. The
Kelvin probe force measurements results show the
charge distribution on the atomic scale. There is no
need in the local work function, which has no real
physical meaning. The method is applicable to the
research of materials, to which the work function con-
cept is not applied at all. It has found that the field
of its application includes the study of charges on or-
ganic, biological materials, and electrolytes.
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KOHLEINIA METOAY KEJIbBIHA HA OCHOBI
MEXAHO-EJJEKTPUIYHOI'O ITIEPETBOPEHH{

Peszmowme

3acrocyBanus Merony Kenpsina rpyHTyeThCs Ha KOHIenmil mme-
pe3apsJKi JUHAMIYHOTO KOHJIEHCATOpa IiJ] Ji€l0 IPUKIIaIeHOT
KOHTAaKTHOI pi3HUIl noreHrjiais. B maHiit poboTi 3BepTaeTbCst
yBara Ha Te, I110 KOHTaKTHA PI3HUIISA IOTEHI[iajliB He € TAKUM Ca-
MUM DIZUYHUM YUHHUKOM, sIK 1 PI3HUIISA MOTEHIAJIB, 1110 BUHU-
Kae mifg miero esekTpopyiniinoil cunu. Bona ne Moxe mistu s
3BUYallHa eJIeKTPUYHAa HAIpyra i, BiIIOBI/IHO, BUKJIUKATHU eJjle-
KTPHUYIHUI CTPpYyM Iepe3apsiIKu KOHAeHcaTopa. PeaspHor0 pn-
YUHOIO [TOSIBU BUMIPIOBAHOI'O CUTHAJIY € IIEPETBOPEHHS MeXaHi-
9HOI eHepril pyXy eJIeKTPO/ia B €HEPTi0 eJIEKTPUYIHOTO CTPYMY.
CrpyM y AuHAMIYHOMY KOH/EHCATOPI BUHUKAE BHACIIAOK Iepi-
OJMYHUX 3MiH YMOB €KpPaHyBaHH: €JIEKTPOCTATUYHUX 3aPsAIiB,
110 PO3TAIIOBAaHI HAJI JOCJIIKYyBaHOIO 1oBepxHew. [Ipoeeseni
€KCIIepUMEHTAJIbHI JOCIIiJP)KEHHsI BUMiPIOBAHOI'O CUT'HAJIY METO-
noMm KenbBina B 3aj1€2KHOCTI Bij KiJIbKOCTI 3apsiny Ha IIOBEPXHi
3pa3Ka IIOKa3aJld, 110 1HTepIIpeTallisd pe3y/IbTaTiB BUMiIpIOBaHb
MOXKJIMBA 0€3 3aCTOCYBAHHS IOHSTTS POOOTH BUXOLY 3 TBEP-
noro Tina. 3 niel npuunan meron Kenpsina ycmimsmo Bukopu-
CTOBYETbHCS Y JOCJIPKEHHAX MaTepiajiB, 10 IKUX HOHSATTS PO-
60TH BUXO/y HE MOXKe OyTH 3aCTOCOBAHO B3araJi: OprasiyHi ta
GioJsioriuni Marepianu, a TAKOXK €JIEKTPOJIITH. 3aIPOIIOHOBAHUN
MeXaHi3M BUHUKHEHHsI CUT'HAJIy B MeToi KenbBina ciit Bpaxo-
BYBaTH IIpU iHTepperanil pe3yJbTaTiB JOCTIIKEHb AK MaKpPO-
CKOIIIYHUX PO3IMO/IiJIIB TOBEPXHEBOIO 3apsy, TaK i B aTOMHIl
cuJIOBiit MiKpoOCKoTil.
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