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In this study, we propose a novel surface property measurement technique using noncontact atomic
force microscopy(NC-AFM), which is referred to as the “dissipative force modulati@iV)
method.” NC-AFM-based surface property measurements have mostly utilized conservative
tip-sample interaction forces, which induce a frequency shift of cantilever resonance without
dissipating cantilever vibration energy. In the DM method, local surface properties are measured by
detecting a modulated dissipative tip—sample interaction force which dissipates cantilever vibration
energy and hence induces an amplitude variation in cantilever vibration. Since the force sensitivity
to dissipative interactions obtained in a typical NC-AFM setup is much higher than that to
conservative ones, the DM method can improve the sensitivities of conventional NC-AFM-based
techniques that utilize conservative interactions. Combining this method with Kelvin-probe force
microscopy, we present the first quantitative surface potential measurement through dissipative
tip—sample interactions. @004 American Institute of PhysicfDOI: 10.1063/1.1805291

I. INTRODUCTION sample interaction force is detected and used for tip—sample
distance regulation. In KFM, an ac bias voltage is applied
Noncontact atomic force microscogiiC-AFM) using  between a tip and a sample, which modulates the magnitude
the frequency modulatiog=M) detection methddhas at- of a conservative electrostatic force. Then the resultant
tracted much attention due to its capability of imagingchange in cantilever resonance frequency is detected and
atomic-scale structures even on insulating surfaesswell used for bias feedback regulatiBn.
as on conductive surfacé$.In addition to the imaging of In contrast to the conservative force measurements, sur-
surface structures, NC-AFM has also been used for the inface property measurements hardly use dissipative forces.
vestigation of local surface properties at a nanometer-scalghis is because energy dissipation in NC-AFM has different
resolution. In particular, Kelvin-probe force microscopy origins related to the electrical and mechanical properties of
(KFM) combined with NC-AFM(Ref. 5 has been applied to 3 tip and a sampl&® Thus, the quantitative evaluation of
the measurement of local surface potential distributions at 8yrface properties is difficult by a simple measurement of the
nearly atomic-scale resolution. total amount of energy dissipation. However, previously re-
In NC-AFM, a microfabricated cantilever with a sharp ported energy dissipation values measured by NC-AFM have
tip mounted at its end is brought close to the surface to detegjggested that the force sensitivity to dissipative interactions
various tip—sample interaction forces. These tip—sample ingptained with a typical NC-AFM setup is much higher than
teraction forces detected in NC-AFM are classified into tWoihat to conservative oné&! For example, an energy dissi-
categories: “conservative” forces and “dissipative” forgés. pation of less than 1 fW was accurately measured in previous
Conservative forces induce a frequency shift of cantileveiy,giest®!which means that a dissipative electrostatic force
resonance without dissipating cantilever vibration energy. ORy¢ |ess than 0.01 pN is readily detected in NC-AFM. This
the other hand, dissipative forces reduce cantilever vibratioghgicates that the use of dissipative forces instead of conser-
amplitude, which means that the mechanical energy of thg,ive ones should improve such sensitivity in surface prop-
cantilever is dissipated through some of the tip—sample interérty measurements.
actions. _ . _ In this article, we propose a novel NC-AFM-based tech-
Since tip-sample interaction forces in NC-AFM are nigue referred to as the “dissipative force modulagom)
mostly conservative, conggrvatlve force;, rather than d'S_S'p%ethod.” By introducing and detecting a modulated dissipa-
tive forces, have been utilized thus far in NC-AFM applica- e force, the method enables the separation of the dissipa-
tions. The frequency shift induced by a conservative tipe interaction of interest. Combining this method with
KFM, we have developed a modified type of KFM that en-
¥Electronic mail: h-yamada@kuee.kyoto-u.ac.jp ables quantitative surface potential measurement with an ex-

0034-6748/2004/75(11)/4589/6/$22.00 4589 © 2004 American Institute of Physics

Downloaded 04 Jun 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp


http://dx.doi.org/10.1063/1.1805291

4590 Rev. Sci. Instrum., Vol. 75, No. 11, November 2004 Fukuma et al.

tremely high sensitivity. To show the clear contrast betweerTABLE I. Typical values of parameters of cantilever under vacuum and
the currently used KFM and the newly developed one, we*Perimental conditions in NC-AFM experiments.
hereafter describe these two methods as conservative force

| L i Parameter Value Unit

modulation KFM(CM-KFM) and dissipative force modula-

tion KFM (DM-KFM), respectively. In this article, the basic fo 300 kHz

principle and experimental setup of DM-KFM are presented. k 40 N/m

The extremely high sensitivity of NC-AFM to a dissipative Q 30000

interaction force is experimentally demonstrated. In addition, fT 3;’0 kEZ

the preliminary results of surface potential measurements us- E”: 200 Hy

ing DM-KFM are presented. e 01-1 om/\Hz
A 5 nm
Zo 6 nm

Il. BASIC PRINCIPLE R > nm

A. Conservative and dissipative forces

In NC-AFM, the phase difference between cantilever os- K
cillation and its excitation signdbe,o is continuously kept SFsq= = OA, (7)
constant at 90° with a self-excitation circuit. Thusg,. and Q

tip position(z) can be described as where 5f and A are the minimum detectable frequency and

Vexe= Vexc COSwt), (1) amplitude, respectively.
There are two major noise sources that limit the sensi-
=75+ A sin(wt). (2) tivities to frequency and amplitude in NC-AFM, which are

V.. andw are the amplitude and frequency of the Cantileverthe thgrmal vibration of the cantilever and noise from Fhe
excitation signal, respectively, andA denote the mean tip deflection sensor. In both CM- and DM-KFM, a conservative

position and the amplitude of the cantilever vibration, re-force or a dissipative electrostatic force is modulated at a
spectively. frequency off,, by applying an ac bias voltage ,<f).
Due to the highQ-factor of the cantilever, cantilever 1hUS, the spectral noise density of a cantilever deflection
motion, particularly in vacuum, is predominantly affected by Signal at a frequency dfp+fr, has to be taken into account
the w-components of tip—sample interaction forces. Accorg-for the evaluation of the force sensitivities. For the noise
ingly, the tip—sample interaction ford&,) can be approxi- a'sig from the cantilever thermal vibration, the root-mean-
mately described by two trigonometric functions whoseSquare(RMS) value of spectral noise densityy,) at a fre-

phases differ by 90° quency offy+f,, is approximately expressed ]by
Fis= Fisc SiN(wt) + Fisg COgwt). (3 no= [ kgTfy 8
The first componentF. sin(wt)) changes with the same " Nog kQf '

phase as that of the cantilever vibration, which induces a ) .

frequency shift Af) of cantilever resonance without dissipat- T1able | shows an example of typical cantilever parameters
ing vibration energy. On the other hand, the second compounde_r. vacuum and ex;:Enmental conditions. Under .these
nent (F,eq COSwt)) changes with the same phase as that ofconditions,ny, is 13 fm/\VHz. On the oth_er ha_n(_j, the typical
the cantilever excitation signal, which dissipates some enRMS value of the spectral noise density arising fropa de-
ergy of the cantilever vibration. The energy dissipation re-flection sensor(ngg falls in the range of 0.1-1 pmHz,
sults in an amplitude variatio@A) of the cantilever oscil- Wh'c_h is much larger thqnth. Thus, ngs predomlnantly de_-
lation. In this article, we refer to the former component asterminessf and 8A for typical NC-AFM setups operating in

conservative force and to the latter as dissipative force. ~ vVacuum.

From the equation of motiomy\f and AA are given by Assuming that the modulated frequency and amplitude
are detected with a lock-in amplifier with a bandwidthByf
Af = — &F 4 of, and 6A at a modulation frequency df, are, respectively,
tscy ( ) . 2
2kA given by
Q 12
AA==Figq (5) S = ~f,ngsVB, 9)
k mA
wheref,, k, andQ are the resonance frequency, the spring _
constant and theQ-factor of the cantilever, respectively. SA=nye\B. (10

Thus, the minimum detectable force for conservative inter- o o . -
actions(&F ) and that for dissipative interactionéF,.g are  'Note that the conditiori,> B is assumed in obtainingf.

given by With the typical conditions given in Table Bf is approxi-
mately 0.3—3 Hz whiledA is approximately 1.4—14 pm.
SF o= %ﬁ, (6) From Egs.(6), (7), (9), and (10), éF. and oF4 are,

fo respectively, obtained as
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Phase Shifrer f——] Limiter j¢———— megR A .
Fes=— —> [1 - —sm(wt)]vfs, (16)
laser diode photo diode Zto Zto
-Pre-A .
setuator where we assume th#{<zg. Although this assumption is
v — . not always satisfied in conventional NC-AFM, we have
- e » Asin(w A l:l:l checked that no significant difference was made in the fol-
- . lowing discussion even without this assumption. Thus, we
adder Feedback Electronics H Lock-in Amp.l . . . . .
Voies o o still keep it to have the essential understanding by simple
— calculation. From Eq.(16), the conservative electrostatic
Vaccos(Wmf) Surface Potential Image H ;
force (Fesg IS given by
oscillator@wm e RA
. . es(;: L Vtzsy (17)
FIG. 1. Schematic of experimental setup for CM-KFM. The frequency 2120
variation induced by the modulated conservative electrostatic force is de-
tected for obtaining/cpp, while the dissipative electrostatic for¢E.sg is zero.
From Egs.(4), (13), and(17), the w,, component of the
A3k f frequency shif(Af,,) induced by the electrostatic interaction
\“ — . .
OFis=—— "Ngs\B, (11 is given by
o fO
megRTV
k = Af== == 5=V Cog ). (18)
OF aa™ st B- (12) Zo

This frequency variation is detected with a lock-in amplifier
from the output signal of a frequency modulati@FM) de-
tector. Then the detected signal is fed into the feedback elec-

lever in vacuum, the force sensitivity to dissipative interac-IONICS that controlsVy,s SO as to makeVy, zero. Conse-
tions obtained with a typical NC-AFM setup is much higherq”emly' the surface potential image is obtained by recording

than that to conservative ones. —Vpias @S the tip is scanning over a surface.
From Eqgs.(9) and(18), the minimum detectable contact

potential differencedV¢pp is given by

Under the typical conditions shown in Table df . is ap-
proximately 0.4—4 pN while 6Fyq is approximately 2
—-20 fN. Therefore, owing to the higQ-factor of the canti-

B. Conservative force modulation method 216 kZ) fn —

When a dc bias voltage is applied between a tip and a Nerp= e RAVaCf_OndSVB' (19)

sample, the induced electrostatic fofégy changes with the

same frequency and phase as those of the cantilever vibralsing the typical conditions given in Table &Vcpp is ap-

tion. This is becaus€,is a function of tip position which ~proximately 15-150 mV aV, of 1 V. In other words, to

changes according to E(R). Thus, the induced electrostatic obtain a potential resolution higher than 10 ¥ has to be

force is naturally conservative. In CM-KFM, a bias voltage higher than 1 V.

oscillating with a frequencyw,, much lower than that of the The application of an ac bias voltage also produces a dc

cantilever vibration is applied between the tip and the sampl€éomponent of the frequency shifisfy) as well as thew,

for introducing a modulated conservative electrostatic forcecomponent. This dc component remains even when the bias
Figure 1 shows an experimental setup for CM-KFM. In feedback regulation reaches a steady st#g=0) and is

CM-KFM, an ac bias voltage/,. codwt) and a dc bias given by

voltage Vyas is applied between a tip and a sample. Accord-

ingly, the tip-sample potential differendgs is given by Afy= - 7780Rf0v§c_ (20)
Vis= Vgt Vae o wnt) (13 4hzo
where Under the typical conditions shown in TableAlf,. is 7.2 Hz

at V,.=1 V. This value is not negligible compared with the
Ve = Vbiast Vepp- (14) typical frequency shift values used for topographic imaging,

HereVcpp is the contact potential difference between the tipwhich ranges from 10 to 100 Hz. Thusf,. can cause topo-

and the sample anWly, is defined as the sum of,;,c and  graphic artifacts as previously reportédin particular, for

Vepp KFM applications to insulating thin films, such as organic
Fesinduced byV is given b)}3 thin films, on metal surfaces, should be defined as the
TeR distance between the metal surface and the tip position. In
Fes=— Vtzs, (15 addition, the dielectric constant between the tip and the metal
4 surface can vary depending on the type of film material.

whereeq andR are the dielectric constant in vacuum and theAccordingly, site-dependent variations &y and dielectric
tip radius, respectively. Using E@), the equation is rewrit- constant can result in topographic artifacts due to the varia-
ten as tion in Afy.. This is one of the major problems in CM-KFM.
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Phase Shifter f——] Limiter f———— nal is fed into the feedback electronics that contgl for
. canceling out thew, component of amplitude variation.
lasct diode hoto diode .
p ConsequentlyVyi,s is kept equal to ¥Yepp Thus, a surface
potential image can be obtained by two-dimensionally map-
— ping the values of Wy,
- > | t+ssinton :l:l From Eqgs.(10) and(23), the minimum detectable con-
i oot Foonsaios | Tock s ] tact potential differenc€sVepp) is given by
Viias Ref.
e Moo= 5B @
‘ac COS| Cos| - = —_ n / .
Surface Potential Image CPD \““’27T80RQVac dsV

mixer oscillator € wm Under the typical conditions shown in Table &Vcpp is
0.58-5.8 mV at aV,. of 0.1 V. That is,V,. of 0.1V is
FIG. 2. Schematic of experimental setup for DM-KFM, which can be ob- sufficiently high for Obtaining a potential resolution of 10

tained with only small modifications of that for CM-KFM. The amplitude . . -
variation induced by the modulated dissipative electrostatic force is detectemv' Owing to the hlgh force sensitivity of DM-KFM, we can

for obtainingVepp. achieve a sufficient potential resolution with smaNgg val-
ues than those required for CM-KFM.
C. Dissipative force modulation method The first term on the right-hand side of EQ2) repre-

sents the conservative electrostatic force that causes a fre-

quency shift of the cantilever resonance. The dc frequency

shift (Afyo) in a steady state under the bias feedback control

ﬁ}/bias: ~Vepp) is given by

_ megRfy
16kz,

Since the electrostatic force in a simple CM-KFM setup
is conservative, we need to modify the setup to deffiggtis
the dissipative forc€F.s9. The required dissipative force
must have the same frequency as that of the cantilever osci
lation but a 90° phase difference. The cantilever excitation
signal in a self-excitation circuit which coincides with these

conditions can be an appropriate candidate for generating th& . : . . .
i L omparing this equation with E¢R0), one can find thaAf
dissipative force. In DM-KFMFogqis introduced by apply- 9705 70 is 1/4(11 that in cm-ghz In addition Af,.. can
. . ¥ C

ing an ac bias voltage synchronized with the cantilever exm-b d dqt liaibl lue b Wal
tation signal. Then the amplitude of the ac bias voltage is € decreased 10 a Neglgibie value because SV alues
modulated at a frequendys,) much lower than that of the are available in DM-KFM. For example, under the typical

. S . ... conditions shown in Table Bf . is 0.018 Hz a¥/,.of 0.1 V.
cantilever vibration(w), producing a modulated dissipative de o ac :
electrostatic force. The result shows that DM-KFM enables high resolution po-

Figure 2 shows an experimental setup for DM-KFM.tent'al measurements without inducing topographic artifacts.

Note that the tip—sample distance is regulated in the consta.the reduct|on_ INVye is also beneficial for SUppressing the
frequency shift mode although this part of the setup is omit—Irncluence of bias voltage on sample properties to be mea-
ted in Fig. 2 to avoid complication. In DM-KFM, an ac bias sured by KFM.

voltage V,. codwt)cogdwt) and a dc bias voltag¥,,,s are

applied between the tip and the sample. The resultant tipHl. RESULTS AND DISCUSSIONS

sample potential differencé is given by A. Signal-to-noise ratio measurements
Vis= Vi + Vac COdwpt)cod wt). (21) Although the previously reported energy dissipation val-

Note thatVy, has been defined in E¢l4). From Egs(14), ~ ues obtained with NC-AFM have suggested that the force
(16), and(21), the electrostatic forcéF.) produced by the sensitivity of NC-AFM to dissipative interactions is higher

Afge= Vie (25)

application of the bias voltage is given by than that to conservative on¥s'! quantitative comparison

between these two force sensitivities has not yet been per-
Fos= meoRA V3 + lvic{l +cod2w, )} |sin(wt) formed. In this study, we even compared the signal-to-noise

tho 8 ratio (SNR) of FM- and AM-detected signals generated by
2meoR conservative and dissipative electrostatic forces at different

- —— VoV cogwt)cog wt), (22) bias modulation frequencies.

%o For the conservative force measurement, an ac bias volt-

where we take the components with the first order of@tn  age of V,.codw,t) was applied between the tip and the
or cogwt) into account. sample and the modulated frequency shift was detected with

The second term on the right-hand side of E2p) cor-  an FM detector. On the other hand, for the dissipative force
responds to the dissipative electrostatic force which inducemeasurement, an ac bias voltagevgf co w,t)cog wt) was

amplitude variationAA) described by applied and the induced amplitude variation was detected
2784RQ with an AM detector. The bandwidths of the FM and AM
AA=- =V,aVgc o wpt). (23)  detectors were 1 kHz. A commercially available ultrahigh
zo K vacuum(UHV) NC-AFM (JEOL: JSPM-450pwas used. A

The amplitude variation is detected with a lock-in amplifier homebuilt PLL circuit using a voltage-controlled crystal os-
from the output signal of an amplitude modulatioghM)  cillator (VCXO) (Ref. 15 was used for FM detection while
detector with a bandwidth larger thas,. The detected sig- an RMS-DC converter was used for AM detection. SNR was
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(2) FM detected signal ( £, = 100 Hz)

(a) Dimethylquinquethiophene (M5T)

1 2
<]

AM 2.2nm

[ N s I N s I\
s

RO \_J s

=]

10 Hz/div, 10 ms/div
(b) AM detected signal (f,, = 100 Hz)

(b) MST/Pt
MM d
————— e, 2nd ML

Signal-to-Noise Ratio [dB
=) S

A ATAT A AVAVAVAVAY

S

00 400 600 a0 100 gmm 1st ML
e ey 5 | T e

FIG. 3. (8), (b) Waveforms of FM- and AM-detected signals at modulation
frequency of 100 Hz(c) SNRs of FM- and AM-detected signals plotted as
functions of modulation frequencV/,.=0.1 V, Vp,ias=1.0 V, A=5 nm, Af FIG. 4. (Color onling (a) Molecular structure of the M5T moleculéb)
=-20 H2. Schematic model of the M5T monolayer formed on a Pt surface.

(=4

5 nm/div, 10 ms/div

| Pt

measured with an FFT analyzésoftDSP: SDS-200 The islands have 100—-200 mV higher surface potential than Pt
cantilever was a Pt-coated Si cantilevéNanosensors: surfaces?®
NCHP?Y with a nominal spring constant of 40 N/m and a Figure 5 shows the topographic and potential images
resonance frequency of approximately 300 kHz. Thetaken by CM- and DM-KFM. The film/substrate potential
Q-factor measured under UHV conditions was approxi-difference measured from these two potential imagewmys.
mately 30 000. The sample was a Pt thin film deposited on 8(b) and %d)] agreed well and the value was approximately
SiO,/Si substrate. The measurements were performed at 200 mV. Owing to the excellent SNR of AM detection, the
tip position whereAf=-20 Hz Vs and V,. were set at potential image obtained by DM-KFM shows a much clearer
1.0 V and 0.1V, respectively. contrast than the CM-KFM image. Namely, the result dem-
Figures 8a) and 3b) show the waveforms of FM- and onstrates that DM-KFM has a higher potential resolution
AM-detected signals obtained at a modulation frequency ofhan CM-KFM.
100 Hz, respectively. These waveforms reveal that the AM-  In CM-KFM, it was difficult to obtain a clear surface
detected signal has a much higher SNR than the FM-detectggbtential image withV,. values of less than approximately
signal. This result experimentally demonstrates that the forcgé V while clear potential contrast was obtained in DM-KFM
sensitivity of NC-AFM to dissipative interactions is much even withV,; of 0.1 V as shown in Fig. @l). The result
higher than that to conservative ones. Figufe) 3hows the shows that DM-KFM enables us to achieve a sufficiently
frequency dependences of the SNRs of AM- and FM-high potential sensitivity even with a small,, markedly
detected signals. The result indicates that the SNR of theuppressing the possible formation of topographic artifacts
AM-detected signal decreases with increasing modulatiomnd the influence of the bias application on the sample prop-
frequency while the SNR of the FM-detected signal remainsrties. DM-KFM is also suitable for NC-AFM operation with
almost constant. However, the result also shows that the AMa small cantilever vibration amplitude, which has been re-
detected signal still exhibits a higher SNR than the FM-cently proven to be beneficial for enhancing spatial resolu-
detected signal even at a modulation frequency of 1 kHz. tion in topographic imaging’ 8Vepp for CM-KFM increases
The amplitude variation induced by a dissipative force
settles on a time scale afy, =2Q/fy while the response
time for the frequency variation induced by a conservative
force is given byry, = 1/f,.*? Namely, AM detection has a
slower time response by a factor @f than that of FM de-
tection, which decreases force sensitivity to dissipative
forces at higher modulation frequencies. Thus, the DM
method is most effective for applications that require an ex-
tremely high force sensitivity but not a very high scanning
speed. The use of a high-resonance-frequency cantilever is
the most effective way of enhancing force sensitivity and
improving the time response of AM detection.

Topography Potential

CM-KFM

B. Surface potential imaging

Using DM- and CM-KFM, we have measured the sur-
face potential distribution of a dimethylquinquethiopheneriG. 5. (Color online NC-AFM images of the M5T monolayer on a Pt
(M5T) monolayer formed on a Pt surface. M5T molecuIesSUfface(aLTOPngdaphiC amﬂt?) potential ibmage;» %btained by CM};KFM?)

; : ; Topographic andd) potential images obtained by DM-KFM. The experi-
[E|g. 4(a)_] deposited on a Pt surface_ form monolayer |slandsmental parameters used in both CM- and DM-KFMf=-20 Hz, A
with their molecular axes perpendicular to the surface, as; nMm, V,:=0.1 V, f,,=1 kHz. The scanned area and imaging speed were

shown in Fig. 4b). It has been reported that these monolayers umx1 um and 15 min/frame, respectively.
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with decreasing cantilever vibration amplitude while that of “T. R. Albrecht, D. H. P. Griltter, and D. Ruger, J. Appl. Phgs, 668

_ : (199D.
DM-KFM remains almost constant as expected from Eqs'2M. Bammerlin, R. Luthi, E. Meyer, A. Baratoff, J. Lu, M. Guggisberg, C.
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