Electrostatic force microscopy of silver nanocrystals with
nanometer-scale resolution
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Silver nanoparticles on graphite basal plane surfaces were concurrently imaged using electrostatic
force microscopy(EFM) and noncontact atomic force microscopy. EFM images were obtained
having a lateral resolution of 4-5 nm, and a resolution perpendicular to the surfaceroh. The
dependence of the contrast in the EFM data for the silver nanoparticles as a function of the applied
tip bias was consistent with a positive charge for the silver nanocrystals on the graphite surface,
qualitatively as expected by theory. @97 American Institute of Physics.
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The electrostatic force microscopgFM) maps the spa- ac bias of~17 kHz and 5 V rms amplitude. This frequency
tial variation of the potential-energy difference between a tipis well isolated from mechanical resonances of the micro-
and a sample, which results from nonuniform charge distriscope head and from the subharmonics of the cantilever driv-
bution and variations in surface work functibAThe range ing frequency employed for concurrent noncontact AFM
of applicability of the EFM is extended by its ability to im- measurements of the surface topography. In addition, it is
age surface charge distributions resulting from subsurfachigh enough to provide a sufficient bandwidth for the feed-
structures such ap—n junctions. Relative to most other back circuit. The bias modulation was either applied at the
scanning probe microscop§SPM) methods, the contrast heavily doped silicon tipor at the sample, in either case, the
mechanism in EFM is well understodgee, for example, other electroddeither sample or tipwas grounded. To this
Belaidi et al.® Hochwitz et al,* Sarid® and references cited 17 kHz bias modulation a dc bias was added, ranging be-
therein and the interpretation of EFM image data is, there-tween+ 10 V. The topography was measured by monitoring
fore, relatively straightforward. Unfortunately, the smallesta constant amplitude of oscillation of the cantilever at its
resolvable features seen in the EFM images so far have beeasonance frequency, i.e., in the range of 90—-400 kHz. Other
in the 50—100 nm rang&whereas other SPM modes such asimaging parameters were chosen to yield an amplitude of
noncontac{NC) atomic force microscopyAFM) have rou-  oscillation for the tip of 3—4 nm and a tip—sample distance
tinely achieved much better lateral resolutions~e nm or  of =5 nm. The scan rate was 0.3 Hz for window sizes up to
less’ From a theoretical standpoint, nanometer-scale resolutx 1 um?.
tion should be obtainable using EFM provided that tip—  According to Terriset al,'° the electrostatic force, is
sample distances below 10 nm are employed in order tgiven by a capacitive and a Coulombic term. The Coulombic
minimize the contribution from the shaft of the tip or the term consists of a charge component induced by the applied
cantilever itself voltageQ.= CV and of a component due to a surface charge

In this letter, we demonstrate that the5 nm scale lat- Qs. The charge in the tip can then be written @s=
eral resolution expected theoretically can be experimentally- (Qs+ Q.). The electrostatic force is given by

obtained. We have employed a sample surface on which the 5C 2 Q.0

surface charge should be modulated on the nanometer scale F~— . —+ ;tz 1)
consisting of silver nanoparticles having a mean diameter of 2 Ameped

20-30 A and disposed at a coverage~010° cm 2 on the SC 12 Q2 Q.CV

atomically smooth graphite basal plane surfaBecause the F~—- > > 2

2 2
disparate work functions of silver and graphit@ag od 2 Ameged” dmeped
~4.5 eV, versuspuopc=>5.0 eV), individual silver nanopar- The externally applied potential difference between the
ticles on this surface are expected to be positively chargedtip and sample,V, has both ac and dc components:
Silver nanoparticles were deposited on graphite basa¥ =Vt Vac Sin(wt). Substituting forV in Eq. (2) we obtain

lane surfaces using a previously described electrochemical 2 2 2
fnethod‘?’ All EFM ex%erir?wents Weyre performed in air using E~ & . v_d°+ ﬁ _ Yac_ Qs 5 QSCVdCZ
commercially available instrumen{®5 or CP from Park 6d 2 6d 4 A4meed” 4meoed
Scientific Instruments, Sunnyvale, @AThe experimental 5C QL
parameters for EFM measurements were as follows: The + Tdvdc_m -V Sin(wt)
force gradient was measured using a lock-in amplifier and an ot

5C  vd,
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FIG. 1. NC-AFM image showing the topography of electrochemically de- FIG. 2. Electrostatic force microscope signal acquired concurrently with the
posited silver nanoparticles having an average height20 A on graphite.  topography image of Fig. 1. The image has been processed by means of a
The image window is 0.80.5 um? and was recorded at 0.3 Hz. As com- line-by-line subtraction in order to remove large steps, which were intro-
monly observed, an increased density of particles can be found along théuced by the dc bias steps that were applied during the image acquisition.
step edge, whereas on the basal plane a smaller areal density of particlesA§ indicated by the arrow, the contrast of a silver particle inverts relative to
seen. The white line indicates where the cross sections in Fig. 3 were a®ackground as the sign of the applied dc bias changes. In this instance, the
quired. bias was switched frorm 10 to —8 V.

Because the lock-in amplifier is referenced to the frequencﬁhafge‘j particles interact repulsively. Finally, in terms of the

o, the measured force will be sensitive to both the sign andnage resolution, the ima_ges_ of Figs. 1 and 2 are Compa'
the magnitude of the applied dc bia,., as well as to the rable. If the lateral resolution is taken to equal the full width
surface charge on the samp@,. As aI(r:éady indicated. the At half-maximum height of the smallest protrusion seen in
g - ’ . . . . .
lower work function of silver versus graphite should result inthe NC-AFM image, which is also resolved in the EFM im-

Qs>0, and a contrast between graphite and silver can, thuél,ge of F'g'. 2, thgn a value OT 4=5nm IS the approxmate
be expected in the EFM images of this surface. value that is achieved. A vertical resolution, defined as 2

In Fig. 1 is shown a typical NC-AFM image of silver (where o is the rms noise in the EFM signal measured at

nanoparticles on graphite. Previous wbHas shown these clean regions of the graphite substjateas approximately 1

) . . . nm. These values are comparable to the resolutions that are
particles to be approximately hemispherical, and the appar-

ent height of these particles, obtained from the NC-AFMatta'.nable using a var!ety of other SPM imaging moc_ies, In-
. . . . . cluding lateral force microscopy and noncontact atomic force
image data(20 A, in this casg provides an excellent esti-

. . . ._microscopy. Thus, it is demonstrated that with optimization
mate of the particle radius. As a consequence of the finit by b

Bf the EFM image acquisition parameters, essentially ti
size of the silicon tip, however, the apparent particle diam- g g P ' y ap

eter obtained from the NC-AFM image data is much greatersize-limited lateral resolution of a few nanometers is obtain-
than the radius, approximately 400 A in the NC-AFM imageable using electrostatic force microscopy.
of Fig. 1, for example. An EFM image was concurrently
acquired with the topographic image of Fig. 1, and this im- 0.5
age is shown in Fig. 2 after a line-by-line background sub- 1
traction procedure. As the EFM image of Fig. 2 was ac- 0.4
quired, the applied bia¥y. was stepped to five different
values in the range from-10 to —10 V as indicated in the i
plot of Fig. 3, which show¥ 4. together with the correspond-
ing EFM signal plotted along the slow scan direction.
Several conclusions can be derived from this experi-
ment: First, the contrast and signal to noise of the topo-
graphical NC-AFM data of Fig. 1 are completely unaffected
by the value of the applied bidg,.. Second, the contrast of 0.1-
the silver particles with respect to the graphite substrate
changes dramatically as a function of the applied Mas

0.3

0.2 H

Distance [pm]

and an inversion of the EFM contrast is seen to coincide with 0.0~ LA B A T 7 1
a change in sign oWVpc. The contrast seen in this EFM -10 0 10 -1 0 1
image is, in fact, consistent with positively charged silver Applied Vpc [V] EFM singal [a.u.]

particles: For example, at the positive tip biadeersus

sample, which were applied at the top of the image of Fig. FIG. 3. The applied dc biadeft) and the unprocessed EFM sigr{gght)

. . . élotted as a function of position in the slow scan direction. The expected
2, silver part'des appear as protrusions from the surface b orrelation between the sign and the amplitude of the applied dc bias and the

cause the positive charge on the tip, and the positivelyesulting EFM signal is seen.
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