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Measurement of hardness, surface potential, and charge distribution
with dynamic contact mode electrostatic force microscope
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Dynamic contact mode electrostatic force microscpg-EFM) was developed as a new operation
mode of scanning probe microscof®PM). By operating EFM in a contact mode with an ac
modulation bias, we have improved the spatial resolution and also achieved a complete separation
of the topographic effect from other electrostatic force effect overcoming the mixing problem of a
topographic effect with other electrostatic effects frequently encountered in the conventional
noncontact EFM measurement. DC-EFM can be utilized either as a force microscopy for the surface
hardness, or as a potentiometry for the surface potential distribution, or as a charge densitometry for
the surface charge density study. This is also applicable to the measurement and control of the
domain structure in ferroelectric materials that have a bound surface chargg99® American
Institute of Physicg.S0034-67489)01703-7

I. INTRODUCTION including the electrostatic force gradient as well as van der
Waals force gradient. Such a mixing of force gradients
Scanning probe microscog€PM) has matured and de- causes successive errors in measuring the electrical proper-
veloped into a routine instrument for the investigation of theties of the sample. In addition, the noncontact mode opera-
surface topography of insulating as well as conductingion is rather complicated and its spatial resolution is signifi-
samples with an atomic resolution. Recent efforts have reeantly reduced compared to that of the contact mode
vealed a much broader potential for the measurement of locaperation, since the tip is far away, approximately 10 nm,
mechanical propertiésand electrical properties such as sur- from the surface.
face potentiaf* surface chargg® and ferroelectric We have overcome the problems of the conventional op-
domairi~® by electrostatic force microscogEFM). eration mode of EFM, and have successfully obtained im-
Earlier force modulation microscopyFMM) was  ages of surface topography, surface potential, and surface
achieved by applying a small mechanical sinusoidal force omharge distribution by operating EFM in a contact mode with
the surface when the tip was close to the samplefortu-  an ac electrostatic modulation, which we termed as dynamic
nately, in the earlier FMM technique, either sample or probenoncontact mode EFMDC-EFM)*? to distinguish it from
cantilever is vibrated with a mechanical transducer. In eithethe conventional noncontact mode EFM.
case, the mechanical transducer has a rather poor amplitude In this report, we will explain the detection principle of
versus frequency response of the probe usually exciting se ®C-EFM for the measurement of the surface hardness, sur-
eral unwanted modes of vibration and noise. To avoid thiface potential distribution, and surface charge density. Ferro-
problem, we have successfully employed tapping mode uselectric domain image obtained by DC-EFM is compared
ing an electrostatic force modulation technifuéor the  with that obtained by the conventional noncontact operation
study of the surface morphology by applying an ac modula-of EFM.
tion signal to the tip instead of the mechanical modulation

force using a bimorph. . _Il. DETECTION METHOD
Conventional EFM is usually operated in a dynamic
noncontact modé&' where the change of the vibration ampli- In DC-EFM, a contact mode atomic force microscope

tude due to a force gradient is used to detect the variation dfAFM) is employed to maintain the tip-sample distance con-
the force gradient due to either topography or other interacstant. A dc and ac bias voltage is applied between the con-
tions. Therefore, in the dynamic noncontact EFM, it is diffi- ductive probe tip and sample in the contact mode. The probe
cult to separate the effect of topography from that of thetip used in this work is a heavily doped &loping level is
other origin. For example, abrupt changes in the surface pol0®—10*%cm®) with a spring constank=1.9N/m and a
tential and surface charge on the sample surface producetgpical tip radiusR=20 nm. An insulating layer on the probe
large electrostatic force gradient. In such cases, the probe tifp such as native oxide layer prevents electrical current
cannot follow a true topography but a force gradient contoufflowing between the tip and sample.

The idea behind DC-EFM operation is, first, to utilize
dpresent address: PSIA Corp., Daelim Bldg., Seocho-dong 1600—3t,he sustained vibratiorof the Pant”ever .even. in th.e Contf’iCt
Seoul 137-070, Korea. State, when an ac electrostatic modulation signal is applied to
YElectronic mail: jnine@plaza.snu.ac.kr the tip. That is, even when the tip is in contact with the
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sample surface, there still remains a finite vibration ampli-Since DC-EFM is operated in the contact mode, the dc com-
tude of the probe tip. The sustained vibration of the tip in aponent of the force(static deflection of the cantileveis
contact state was already confirmed in the force microstopeadjusted by thez servoloop such that the strong repulsive
Then even in the presence of a strong atomic force in thatomic force between tip and surface is maintained constant.
contact mode, a weak electrostatic interaction between tiphus, the dc component provides the topographic image as
and sample surface can be detected by a lock-in technique the conventional contact mode operation of AFM. On the
Second, by applying a bias to the tip one can for examplether hand, the detection of the component[dC/dz(V 4
control the induced charge on the tip, which in turn generates-V,) + E,C], can provide information abou{ or Eg de-
an additional controllable force between the tip and chargegending on the experimental situation.
surface. Therefore we can simultaneously measure the topog- Now if the sample surface is not sufficiently hard and
raphy and other electrostatic interaction effect such as suhas variations in its hardness, then the surface may have
face potential or surface charge density with DC-EFM. certain compliance due to electrostatic force modulation.
The general equation describing the force between th&herefore a strong electrostatic force can drive the probe tip
tip and sample at a surface positionin the presence of to vibrate by indenting the sample surface. The vibration
surface potential or surface charge density includes atomiamplitude will depend on the surface hardness and the
force, capacitive force, and Coulombic force between thestrength of the electrostatic force. In this case, the capaci-

charge induced on the tip and sample surface charge: tance(or the gradient of the capacitandeetween the tip and
) sample will show a dependence on the surface hardness. We
F(r)=Fa(r)+1/29C(r)/ zV"+ E(r)0yip - (1) can write the relationship between the hardness and relative

Here,F, represents the repulsive atomic force on the tip_amplltude of the tip vibration as follows:

In the capacitive force tern®C/dz is the gradient of capaci- F(r,o)=ke(r,»)z(r,»), 3
tance between tip and sample, which depends on the tip- _ S
sample geometry. The potentidl between the tip and wherez(r,w) represents the amplitude of the tip vibration at
sample surface may contain external dc bfasand ac bias @ Positionr caused by the electrostatic forgér, ). Thusin
V,.COSwt as well as the sample surface potential E(r) the absence of surface charge or potential distribution on the
anddy,=C(V e+ VacCOSwt) represent the electric field gen- sample, we can approximate the glectrostatic force to. be con-
erated by the surface charge density of the sample and ttfdant over. Furthermore, by keeping the ac and dc bias at a

charge induced on the tip, respectively. constant value, we can determine the variation of the effec-
With  V=(Vge— Vst Vaccoswl) and  ggp=C(Vec tive mechanical hardne&sy by measuring the component
+V,.coswt), the force on the tip reduces to of the electrostatic vibration,
F(r)=Fa(r)+1/29C(r)/3z(Vgc— Vs+ Vg COSwL)? Ket(F, ) =F(r,0)/2(r, ). 4
+E(1)C(r)(Vge— Vet VaeCOS0L) The lock-in amplifier was used to measure the vibration am-
° © o plitude and phase of the probe at frequergcyDuring this
=[Fa(r)+1/29C(r)/92(Vge—Vs)? measurement, the dc part of the force is taken as the feed-

back signal to maintain a constant height in the contact mode
operation thus avoiding any mixing of the topographic effect
+[IC(r)]9z(V ge— V) + E(r)C(r)]V,.COS0L with the surface hardness effect.

Figure 1 shows a schematic diagram of the DC-EFM.
+1/49C1 9 V3,COS 2wt (2)  The signal from the topographic feedback controlteser-

+1/49C(r)] 922+ Eo(r)C(r)(Vge—Vs) ]
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. . FIG. 3. Topographya) and surface potentigb) image of an integrated test
FIG. 2. Topographya) and force modulatiofb) image of a sample surface. chip Wherepo?]e 2e¥ of the trace is%iasedﬁﬂ Vv agd the othergset of the
Two hard GaAs regions are separated by a soft epoxy. The vibration ampl-&‘raoe is biased at1 V

tude at frequencyw force is much higher in soft epoxy than one in hard
GaAs region.

etry by detecting thew component in the presence of a sur-

vocontrolley that is to maintain the tip-sample height con- face potentiaV4(r) such as gnjunction or signal line in the
stant can be employed to image the surface morphologyintegrated circuit. In order to measure the absolute value of
With the feedback controller Il off, the output of lock-in the surface potential, a feedback loop is used to adjust the dc
amplifier can be used for the detection of surface potential opias of the probe\(y. ) such that the vibration amplitude of
surface charge density. For the estimate of the absolute valuge component vanishé In this situation, the applied dc
of surface potential or the surface charge density, one capias voltage to the probe is equal to the surface potential. An
measure the feedback controller Il signal that contMjs  example is shown in Fig. 3, the topographiiéig. 3a)] and
such that the amplitude ab component(lock-in amplifier  surface potentialFig. 3b)] image of a test pattern, where
outpu) vanishes. one set of the trace is biased-a1 V and the other set of the
trace is biased at1 V. A thin SOG layer was covered on
the top of the sample surface. Thus we can assume that the
surface hardness is uniform through the entire surface. In the

As an example of DC-EFM, operation for the mechani-topographic image, two metal linébright region are sepa-
cal hardness measurement, images of the GaAs/epoxy/GaAated by the etched insulating region. From the surface po-
multilayer were taken by DC-EFM. Two GaAs wafers aretential image, we can find that the line profile of the potential
glued together by a soft epoxy layer at the center. Figure & changing linearly across the etched region as expected.
shows topographyFig. 2(a)] and hardnes§Fig. 2(b)] im-  The resolution of this potentiometry is abou20 mV.
ages obtained simultaneously for a polished surface which In another case, if the sample surface has a bound sur-
has regions of different mechanical hardness. In this medace charge density,, the electrostatic force is given as a
surement, applied dc bias, amplitude of ac bias, and fresum of a capacitive force and Coulomb force between tip
quency were 1V, 5V, and 40 kHz, respectively. Topogra-and sample. Since the probe tip-sample distance is very short
phy image barely reveals three separated regions of GaAsin contact mode operation, one can approximate the effect of
epoxy—GaAs layers. However, the image obtained bydhe the bound surface charge density by a uniform surface elec-
component clearly shows three distinctively separated layersric field E5. If the area of the bound charge is smaller than
Because the central epoxy region is softer than both sides tfie effective area of the tip end, this approximation is no
the GaAs region, the amplitude of probe vibration at fre-more valid. Thus the lateral resolution will be limited by the
guencyw in epoxy region is larger than the one in GaAs size of the tip radius. However, with 20 nm in tip radius, this
region. Thus thes component of the tip vibration due to an approximation will be valid for the investigation of the ferro-
electrostatic force in DC-EFM reflects the local mechanicalelectric domain structure because the domain size is usually
hardness of a sample surface. much larger than the tip radius. In this approximation, Cou-

There are advantages of using DC-EFM for the mechanilomb force can be can be expressed simphEgs , where
cal hardness measurement compared to the earlier FMM = o,/2¢, is the electric field due to the constant surface
technique using a bimorph driven mechanical modulation. Ircharge densityr,, andq;;, is the chargeq,=CYV, induced
the FMM mode, the mechanical modulation usually generat the tip by the applied voltagé=V 4.+ V4. COSwt.
ates several vibration modes of the microscope system, Figure 4 shows the calculated electric field for ferroelec-
which can cause some ambiguity in the measurement. Howtric strip domains with an alternating surface charge density
ever the electrostatic modulation vibrates only the cantilevert o, and widthw=2 um which is a typical value for a
without shaking the entire part of the scanning or supportingriglycine sulfate(TGS) single crystal as a function of the
cantilever system. Thus, we can get a clean vibration spectraositionx and heightz from the surface. For a tip height less
As a result, DC-EFM can prevent mixing or coupling of a than 10 nm, one can represent the effect of the surface charge
main signal with unwanted noise sources. density by a uniform surface electric fielt= o,/2¢, as we

Now if there is a surface potential distributid®fy on the  assumed above. A large electric field gradient appears near
sample surface but in the absence of surface charge densithe domain boundary where two opposite charge densities
the o component in Eq(2) reduces simply ta/C/dz(Vy4.  collide. For a tip height greater than 10 nm, for example, a
—V,). Therefore DC-EFM can be operated as a potentiomsignificant force gradient appears as shown in Fig. 4. Thus

Ill. EXPERIMENTAL RESULTS
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FIG. 4. Plot of electric field as function of lateral position on the alternating
charge strip of width 2um at four different heights from surface.
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the w component of the electrostatic force in DC-EFM in the _ _ )
presence of a bound surface charge density becoml>. . Compsen he suiace sharge mage obied by b Sy e
(9C/3zVyc+ o,Cl2€p) which depends both oWy, and the  petween topographie) and surface chargé) image. However, the images
surface charge density,. Therefore, measurements on the taken by noncontact EFM show a strong coupling between topogréaphy
amplitude of thew component of the cantilever vibration and charged) image.
lead to the detection of the surface charge density or the
domain image, in the case of a ferroelectric surface. Thef TGS single crystal obtained simultaneously. Images are
topographic image can be obtained from the feedback signalbtained by both DC-EFM and conventional noncontact
due to the repulsive atomic for¢dc componentthat main- mode EFM for the purpose of comparison. Cleaved TGS
tains a constant tip heiglior a constant capacitanceguring  single crystal has 180° domains with the polarization direc-
scanning of the tip in DC-EFM. Since the capacitance betion perpendicular to the ac plane. Therefore the bound sur-
tween tip and sample is kept constant in the operation oface charge densityg,=P-n of each domain is either posi-
DC-EFM, the domain image obtained from thecomponent  tive or negative depending on the polarity. As shown in Figs.
(0Cl9zVy+ 0,Cl2€y) in DC-EFM is well separated from 5(a) and §b), topography and domain image, which are ob-
the topographic image unlike the conventional noncontactained by DC-EFM simultaneously, are well separated from
EFM which frequently shows mixed image of topographyeach other. Domain contrast image shown in Fitp) Shows
and domain structure. To understand the origin of the imagsharply divided two distinct levels only as can be expected
mixing, we will describe the effect of the electrostatic force for 180° domains. However, topograpfyig. 5(c)] and sur-
gradient in the detection of ferroelectric domains by the nonface charge imagéFig. 5(d)] obtained by the noncontact
contact mode EFM. As shown in Fig. 4, a large electric fieldmode EFM show coupled or blurred images. In the topo-
gradient appears near the domain boundary where two oppgraphic image, an enhanced contrast appears along the do-
site charge distributions meet. Furthermore for the tip-main boundary where a strong electrostatic force gradient
sample distance greater than 10 nm, for example, a signifexists. In the noncontact operation, topography image is a
cant force gradient appears along the lateral position. In theonvolution of van der Waals force gradient with electro-
noncontact mode of EFM, the topography feedback loop adstatic force gradient. Thus, the probe tip will show a constant
justs the tip—sample distance in order to maintain constarforce-gradient contour rather than a constant tip-sample
vibration amplitude of the tip at resonance frequency of theseparation contour. Domain contrast obtained by the noncon-
cantilever. The electric properties of the sample can be sitact operatiorfFig. 5(d)] shows a much blurrier image, as if
multaneously measured by applying dc and ac bias at anothéris unfocused, compared to the offeig. 5b)] obtained by
off-resonance frequency of cantilever. Therefore, in a nonDC-EFM. Yet we can distinguish the polarity for a wide
contact EFM operation, the variation in the electrostaticdomain. This grey level contrast can be explained by the
force gradient due to the surface charge can shift a resonanbehavior of the surface electric field as shown in Fig. 4. For
frequency of probe oscillation, thus perturbing the topograa tip distance higher than 10 nm, the electric field changes
phy measurement. In such a case, the probe tip follows gradually near the domain boundary. In addition, the electric
constant force gradient contour including the electrostatidield intensity over a narrow domain is much weaker than the
force gradient as well as van der Waals force gradient. Thusne over a wide domain region. When the tip is far away
the constant force gradient does not coincide with the redlrom the surface, the electrostatic force exerted on the tip
topography of the surface. However, in the operation of DCwill be reduced by the decrease in the surface electric field
EFM, the tip-sample distance is controlled by the repulsivantensity and also by the decrease of the induced charge on
atomic force instead of the force gradient. Thus the topograthe tip due to decrease in the capacitance between the tip and
phy image is well separated from the electrical property of eelectrode. Thus domain image shows a spatially averaged
surface. contrast, which in turn decreases the lateral resolution, there-

Figure 5 shows topography and domain contrast imagefre a contact operation such as in DC-EFM provides a better
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domain contrast image as well as a better spatial resolutiom DC-EFM, that allows a quantitative evaluation of the
than a noncontact method. The advantage of DC-EFM combound surface charge density and control of the domain
pared to other similar methods such as the piezoresponstructure. For the quantitative evaluation of the surface
method?® or lateral force mocroscoptfor the detection of charge density, however, it is required to measure the gap
domain images is that it can provide a way for a quantitativedistance between tip and sample more accurately. In this
evaluation of the surface change density and a direct contralork, we estimated the gap value from the force distance
of the domain structure in ferroelectric materials. In the null-curve of the cantilever with an uncertainty of 10% which
ing method, the feedback signal of the feedback controllelimits the accuracy of the estimated value of the surface
controls Vg4, such that the amplitude ofv component, charge density.

(0Cl9zVy+ 0,Cl2€p), vanishes. The surface charge density
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