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Local potential distribution plays important roles in physical, chemical and biological processes at

a solid/liquid interface. However, the measurement of a local potential distribution in liquid has

been a long-standing challenge, which has hindered understanding of the mechanisms for the

various interfacial phenomena. Recently, we have developed a method to overcome this problem

[Kobayashi et al., Rev. Sci. Instrum. 81, 123705 (2010)], which is referred to as open-loop electric

potential microscopy (OL-EPM). Here, we present its first application to quantitative

measurements of local potential distribution in liquid. In OL-EPM, an ac bias voltage is applied

between a tip and sample and the first and second harmonic cantilever oscillations induced by the

electrostatic force are detected and used for the calculation of a potential value. In the equation for

the potential calculation, here we introduce a correction factor to cancel out the error caused by the

difference in the deflection sensitivity to the first and second harmonic electrostatic forces. With the

improved method, we have performed potential measurements of two types of latex beads with

different surface charges. The measured potential difference between the different types of latex

beads approximately corresponds to their zeta potential difference, which demonstrates the

quantitative capability of OL-EPM. VC 2011 American Institute of Physics. [doi:10.1063/1.3625230]

I. INTRODUCTION

Local potential distribution plays important roles in vari-

ous processes at a solid/liquid interface. For example,

adsorption of a particle to a surface and its migration on it

are often driven by the local potential distribution. These

physical phenomena are closely related to various processes.

In biology, local potential distribution is one of the major

driving forces to cause an adsorption of proteins or vesicles

onto a cellular surface, transportation of ions and molecules

along or across a membrane, and conformational changes of

proteins. In chemistry, local potential distribution is closely

related to the electron transfer involved in electrochemical or

catalytic reactions at a solid/liquid interface.

To understand the mechanisms of these processes, it

is desirable to directly measure a local potential distribu-

tion in liquid. So far, dynamic light scattering (DLS)

measurements have often been performed for the determi-

nation of a zeta potential value, which is defined as a

potential value at the slipping plane.1,2 However, the

method does not allow to measure nanoscale local distri-

bution of the potential. Thus, there have been strong

demands for the method to measure local potential distri-

bution at solid/liquid interfaces.

Kelvin probe force microscopy (KFM) (Ref. 3) is a

powerful tool which can visualize local potential distribution

in air and vacuum on various surfaces such as semiconduc-

tor,4 organic,5 and biological materials.6 KFM is usually

combined with dynamic mode atomic force microscopy

(AFM) (Ref. 7), namely, amplitude modulation AFM (AM-

AFM) (Ref. 8) or frequency modulation AFM (FM-AFM)

(Ref. 9). However, KFM cannot be operated in liquid. In

KFM, the application of ac and dc bias voltages between a

tip and a sample induces electrochemical reactions and redis-

tribution of ions and water molecules. These phenomena

give rise to uncontrollable spurious forces,10,11 which not

only disturb the stable operation of KFM but also influences

structures and properties of a sample.

In our previous study,12 we developed a method to

overcome these difficulties. In this method, only an ac bias

voltage with a relatively high modulation frequency

½fmð� xm=2pÞ� is applied between a tip and a sample. The

spurious force is greatly suppressed by increasing fm due to

slow time response of electrochemical reactions and redis-

tribution of ions and water molecules. Local potential is cal-

culated from the first and second harmonic oscillation

amplitudes (A1 and A2, respectively) of a cantilever induced

by the application of an ac bias voltage. In contrast to KFM,

the method is free from the bias feedback control. Thus, we

refer to this method as open-loop electric potential micros-

copy (OL-EPM). The idea of using two frequency compo-

nents in dynamic-mode AFM is similar to that of bimodal

AFM.13,14 While bimodal AFM uses the first and second

flexural modes of a cantilever, the first and second harmonic

frequencies used in OL-EPM are generally lower than the

fundamental resonance of the cantilever.

In the previous study, we demonstrated the measurement

of nanoscale potential distribution of a dodecylamine thin

film on highly oriented pyrolytic graphite (HOPG) in 1 mM

NaCl solution by OL-EPM. However, quantitativea)Electronic mail: fukuma@staff.kanazawa-u.ac.jp.
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performance of OL-EPM has not been confirmed due to fol-

lowing reasons. First, the error caused by the frequency de-

pendence of the force sensitivity, which is given by a

transfer function ½GðxÞ� of a cantilever, was not taken into

account. In OL-EPM, a potential value is calculated from the

ratio of A1 to A2. Thus, the difference between GðxmÞ and

Gð2xmÞ leads to an error in the calculation of a potential

value. Second, neither the surface potential nor the zeta

potential of the dodecylamine thin film on HOPG in 1 mM

NaCl solution was unknown. Therefore, it was difficult to

quantitatively evaluate the validity of the potential values

measured by OL-EPM.

In this study, to overcome the first problem, we intro-

duce a correction factor (v) in the calculation of a potential

value in OL-EPM. The correction factor is used for compen-

sating the error caused by the difference between GðxmÞ and

Gð2xmÞ. We also present a way to determine appropriate

values for v and fm based on A1 and A2 versus fm curves. To

overcome the second problem, we use two types of nanopar-

ticles with different surface charges in the potential measure-

ments by OL-EPM. The zeta potential value of such

nanoparticles can be readily measured by DLS measurement.

Thus, we evaluate the quantitative performance of OL-EPM

by comparing the results obtained by OL-EPM and those

obtained by DLS measurement.

II. BASIC PRINCIPLE

In OL-EPM, only an ac bias voltage ½Vac cosðxmtÞ� with

a relatively high modulation frequency is applied between a

tip and a sample. A tip-sample electrostatic interaction force

(Fes) induced by the application of an ac bias voltage is given

by

Fes¼
1

2

@Cts

@z
V2

s þ
1

2
V2

ac�2VsVac cosðxmtÞþ1

2
V2

ac cosð2xmtÞ
� �

;

(1)

where Cts and z are tip-sample capacitance and Z position of

a tip, respectively. Fes contains dc, xm, and 2xm components

(Fes0, Fes1, and Fes2, respectively). In our previous study,12

we demonstrated that the spurious force (Fsp) is sufficiently

suppressed at fm higher than 30 kHz in 1 mM NaCl solution,

and hence Fes1 and Fes2 are proportional to Vac and V2
ac,

respectively.

From Eq. (1), A1 and A2 are given by

A1 ¼ GðxmÞ
@Cts

@z
Vs

����
����Vac; (2)

A2 ¼ Gð2xmÞ
@Cts

@z

����
����V

2
ac

4
: (3)

GðxÞ is given by

GðxÞ ¼ 1

k

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1� ðx=x0Þ2� þ ½x=ðQx0Þ�2

q ; (4)

where k is the spring constant of a cantilever. Equations (2)

and (3) indicate that jVsj can be obtained from the ratio of A1

to A2. Thus, jVsj is given by

jVsj ¼
Gð2xmÞ
GðxmÞ

A1

A2

Vac

4
: (5)

The polarity of Vs can be determined by cos /1, where /1 is

the phase difference between the cantilever oscillation at fm

and the ac bias voltage. /1 ideally takes either 0� or 180�

depending on the polarity of Vs. However, in practice, it of-

ten shows slight deviation from one of these values owing to

the phase delay or noise caused by a cantilever deflection

sensor, an ac bias circuit, and/or dielectric material between

a tip and a sample. Therefore, cos /1 is used only for the

determination of the polarity of Vs as described by

Vs ¼sgnðcos /1Þ
Gð2xmÞ
GðxmÞ

A1

A2

Vac

4

¼sgnðX1Þ
Gð2xmÞ
GðxmÞ

A1

A2

Vac

4
;

(6)

where X1 is defined by X1 � A1 cos /1. Here, we define a

correction factor v by the following equation.

v � Gð2xmÞ
GðxmÞ

: (7)

From, Eqs. (5) and (6), Vs is given by

Vs ¼ sgnðX1Þ
A1

A2

Vac

4
v: (8)

In our previous study,12 we assumed that fm was sufficiently

lower than the resonance frequency (f0) of a cantilever and

hence GðxmÞ ¼ Gð2xmÞ ¼ 1=k. This corresponds to the sit-

uation where v ¼ 1 is assumed in Eq. (8). However, this

assumption is not necessarily true and v often shows devia-

tion from 1 as confirmed in the following experiment. Thus,

potential values calculated from v ¼ 1 have contained some

error caused by the difference between GðxmÞ and Gð2xmÞ.
In this study, we have taken the correction factor v into

account to cancel out this error and have improved the accu-

racy in the calculation of the potential by OL-EPM.

III. EXPERIMENTAL DETAILS

Figure 1 shows the experimental setup for OL-EPM

used in this experiment. OL-EPM was developed by modify-

ing a home-built liquid-environment dynamic mode AFM

FIG. 1. (Color online) Experimental setup of OL-EPM in liquid. A capacitor

is inserted into the bias circuit to prevent an accidental application of a dc

bias voltage. A cantilever was excited by piezoactuator, which is not shown

here for clarity.
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with a low noise cantilever deflection sensor.15–17 In princi-

ple, OL-EPM can be combined with any types of dynamic-

mode AFM (Ref. 7) such as AM-AFM, FM-AFM, and phase

modulation AFM (PM-AFM). In this study, we combined it

with AM-AFM. In AM-AFM, a cantilever is oscillated with

fixed excitation amplitude and frequency near the cantilever

resonance. The tip-sample distance is controlled such that os-

cillation amplitude (A) of a cantilever is kept constant. The

free oscillation amplitudes (A0) and amplitude setpoints (Asp)

used for the measurements are given in the corresponding

figure captions. The oscillation amplitude A was detected

with a lock-in amplifier (OC4: SPECS) and the tip-sample

distance was regulated with a commercially available AFM

controller (RC4: SPECS). A Si cantilever (NCH: Nano-

world) with f0 of approximately 130 kHz in liquid was used.

The cantilever was coated with an Au thin film on the front

and back sides (thickness: 50 nm). A digital lock-in amplifier

(HF2LI: Zurich Instruments) was used for producing an ac

bias voltage and the measurements of A1, A2, and X1.

We used latex beads with surfaces terminated by amino

(01-01-251: Micromod) and carboxyl groups (01-02-25 and

01-02-50: Micromod). They are positively and negatively

charged in neutral solution, respectively. First, latex beads

with amino and carboxyl groups were diluted with pure

water to 100 lg/ml and 10 lg/ml, respectively. Then, these

solutions are sonicated to prevent aggregation of latex beads

for 30 min. After that, one of the diluted solutions was

dropped onto a cleaved HOPG surface (ZYA: NT-MDT) and

the sample was left for 5 min. The remaining water on the

HOPG surface was blown by N2 gas. The procedure was

repeated with the other diluted solution to deposit the two

types of latex beads on the same HOPG surface. Finally, the

sample was immersed in 1 mM NaCl solution and imaged by

OL-EPM.

IV. RESULTS AND DISCUSSION

A. Determination of v and fm

In OL-EPM in liquid, fm should be set at a relatively

high frequency but sufficiently lower than f0. To determine a

suitable fm value, we measured fm dependences of A1 and A2

at Vac ¼ 1 V on a cleaved HOPG surface in 1 mM NaCl so-

lution (Fig. 2). At the low fm range, A1 and A2 increase with

decreasing fm due to spurious forces induced by the electro-

chemical reactions and redistribution of ions and water mole-

cules. The A1 and A2 curves also show peaks at fm ¼ 130

kHz and 65 kHz, respectively, owing to the influence from

GðxmÞ and Gð2xmÞ.
In the A1 and A2 curves, the spurious force is sufficiently

suppressed at the frequency range of fm � 30 kHz and fm �
15 kHz, respectively. At fm ¼ 30 kHz, GðxmÞ is almost equal

to 1:0=k ½GðxmÞ ¼ 1:06=k�. Thus, A1 response is almost free

from the influence from GðxmÞ at this frequency. However,

the influence from Gð2xmÞ at 2fm ¼ 60 kHz is significantly

larger than 1:0=k ½Gð2xmÞ ¼ 1:26=k�, and hence not negligi-

ble. Therefore, the influence from GðxmÞ=Gð2xmÞ should be

canceled out by the correction factor v. In this experiment,

the value for v was estimated to be 1.2 by Eqs. (4) and (7). f0
and Q were determined by fitting a thermal spectrum of the

cantilever. We estimated v in the same way for several canti-

levers of the same type and found out that it takes almost the

same value under the same experimental conditions. Based on

these results, we used fm ¼ 30 kHz and v ¼ 1:2 in the follow-

ing experiments for accurate and reproducible measurements.

B. Potential measurements of latex beads with
different charges and sizes

We performed potential measurements of latex beads on

a cleaved HOPG surface in 1 mM NaCl solution (Fig. 3).

The latex beads include the ones with surfaces terminated by

amino and carboxyl groups (A-LB and C-LB, respectively).

They are positively and negatively charged in neutral solu-

tion, respectively. A-LBs used in this experiment have a

smaller nominal diameter (25 nm) than that of C-LBs (50

nm). Thus, we are able to differentiate them from size.

In the topographic image [Fig. 3(a)], latex beads with

two different sizes are imaged as shown in the height profile

[Fig. 3(e)] measured along Line A-B in Fig. 3(a). The height

histogram [Fig. 3(g)] of latex beads imaged in Fig. 3(a)

shows two peaks. This indicates that latex beads with two

different sizes are deposited on the HOPG surface. The aver-

age heights of the smaller and the larger latex beads are 26

nm and 68 nm, respectively. These values approximately

agree with nominal diameters of A-LB (25 nm) and C-LB

(50 nm), respectively. Therefore, we concluded that the

smaller and the larger latex beads should correspond to A-

LB and C-LB, respectively.

The potential image [Fig. 3(b)] was calculated from the

A1 and A2 images [Figs. 3(c) and 3(d)] and Eq. (8). X1 was

also recorded for determining the polarity of Vs (not shown

here). The potential profile [Fig. 3(f)] measured along Line

C-D in Fig. 3(b) shows the existence of latex beads with two

different potential values. A comparison between the poten-

tial and the topographic images reveals that the potential val-

ues measured on larger beads (C-LBs) are smaller than those

measured on smaller beads (A-LBs). The potential histogram

[Fig. 3(h)] of the latex beads imaged in Fig. 3(b) shows two

peaks. This indicates that these latex beads can be classified

into two types with different potential. The average of the

potential value measured on the A-LBs (i.e., smaller beads)

is 70 mV higher than that measured on the C-LBs (i.e., larger

beads). This is consistent with the expectation that a posi-

tively charged A-LB exhibits a higher surface potential

than a negatively charged C-LB. In fact, zeta potential of the

FIG. 2. (Color online) Modulation frequency dependences of A1 and A2

measured on an HOPG surface in 1 mM NaCl solution (f0 ¼ 130:1 kHz,

Q ¼ 6:9). Vac was set at 1 V. The tip-sample distance is set at 100 nm.
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A-LBs and C-LBs determined by DLS measurement are 5

mV and �50 mV at pH 7, respectively. The potential differ-

ence between the A-LB and C-LB estimated from the OL-

EPM image (70 mV) approximately agrees with their zeta

potential difference (55 mV).

One of the possible reasons for the 15 mV difference

between the results obtained by OL-EPM and DLS measure-

ments is the potential variation in the direction perpendicular

to the surface. The zeta potential is defined as the potential at

the slipping plane. However, the potential value measured by

OL-EPM should reflect the potential averaged over the dis-

tance range corresponding to the cantilever oscillation.

Therefore, more precise interpretation of the potential values

measured by OL-EPM may require measurements of 3D

potential distribution, which however is beyond the scope of

the present study.

C. Potential measurements of latex beads with the
same charge and different sizes

To investigate the influence from the height difference

between the latex beads on the potential values measured by

OL-EPM, we performed potential measurements of C-LBs

(C-LB1 and C-LB2) with two different nominal diameters

(C-LB1: 25 nm and C-LB2: 50 nm) (Fig. 4). As they have the

same surface termination, they are expected to exhibit the

same potential value.

The topographic image in Fig. 4(a) shows latex beads

with two different sizes. The height variation of the latex

beads is clearly seen in the height profile [Fig. 4(e)] meas-

ured along Line A-B in Fig. 4(a). The height histogram [Fig.

4(g)] of the latex beads imaged in Fig. 4(a) shows two peaks.

This indicates that latex beads with two different sizes are

deposited on the HOPG surface. The average heights of

C-LB1 and C-LB2 are 23 nm and 69 nm, respectively. These

values approximately agree with their nominal diameters.

Therefore, C-LB1 and C-LB2 should correspond to the

smaller and the larger beads observed in the topographic

image, respectively.

The potential image in Fig. 4(b) was calculated from the

A1 and A2 images [Figs. 4(c) and 4(d)] and Eq. (8). X1 was

also recorded for determining the polarity of Vs (not shown

here). In spite of the height difference between C-LB1 and

C-LB2 observed in the topographic image [Fig. 4(a)], all the

latex beads show almost the same contrast in the potential

image [Fig. 4(b)]. For example, the potential profile [Fig.

4(f)] measured along Line C-D in Fig. 4(b) shows that the

potential values measured on the latex beads are almost con-

stant in spite of their height variations [Fig. 4(e)]. The poten-

tial histogram [Fig. 4(h)] of the latex beads imaged in Fig.

4(b) shows a single peak. These results demonstrate that the

cross talk between the potential measurement by OL-EPM

and the height measurement by AM-AFM is negligible.

Therefore, the potential variation observed in Fig. 3(b) is

unlikely to be caused by such a cross talk but represents the

true potential difference between the different types of the

latex beads.

V. SUMMARY

In this study, we have introduced a correction factor in

the calculation of the potential value in OL-EPM, which

improved the quantitative performance of OL-EPM in liquid.

With the improved method, we measured the potential dif-

ference between the latex beads having positive and negative

charges and compared it with their zeta potential difference.

The potential difference measured by OL-EPM approxi-

mately agrees with their zeta potential difference. We also

FIG. 3. (Color online) (a) Topographic, (b) potential, (c) A1, and (d) A2 images of A-LBs and C-LBs on the HOPG surface in 1 mM NaCl solution (scan size:

3 lm � 3 lm, f0 ¼ 142:1 kHz, Q ¼ 8:2, A0 ¼ 0:67 nm, Asp ¼ 0:63 nm, fm ¼ 30 kHz, Vac ¼ 1V, v ¼ 1:2). (e) Height and (f) potential profiles measured along

Line A-B in (a) and Line C-D in (b), respectively. (g) Height and (h) potential histograms of the latex beads imaged in panel (a) and in panel (b), respectively.
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experimentally confirmed that the cross talk between

the potential and topographic measurements is negligible in

OL-EPM. These results demonstrate that OL-EPM has a

capability of quantitative measurement of local potential

distribution in liquid.
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