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Abstract

An ultrasensitive cantilever, oscillating parallel to a surface in vacuum, is used to probe weak thermal
electric field gradient fluctuations over thin polymer films. We measure the power spectrum of
cantilever frequency fluctuations as a function of cantilever height and voltage over polymers of
various compositions and thicknesses. The data are well described by a linear-response theory that
calculates stochastic electric fields arising from thermally-driven dielectric fluctuations.

Development of a wide range of electrical, optical, magnetic, and biological sensors and
devices requires new approaches to mapping properties of films. A large collection of scanned
probe microscopies now exists for generating nanometer-resolution surface maps of chemical
forces, 173 magnetization,*° electrostatic potential b7 and capacitance.6:8 A scanned probe
approach to collecting dielectric spectra has recently been demonstrated.?:10 Developments in
the fabrication of attonewton-sensitivity cantilevers11:12 have created new possibilities for
ultrasensitive detection and nanometer-resolution imaging of magnetic resonance, 314 dopant
density in semiconductors,1® electric field fluctuations over metals6 and in dielectric films,
17-19 and — as we will show here in experiments on polymers — electric field gradient
fluctuations.

Non-contact imaging of dissipation, and hence local fluctuations, by scanned probe microscopy
was first accomplished by Denk and Pohl, who detected electrical dissipation in GaAs as a
sample-induced change in the mechanical quality factor of a charged atomic force microscope
cantilever.20 Scanned probe studies of electrical dissipation due to eddy current damping in
metals,2! bias-induced free carriers22:23 and dopant-induced free-carriers® in semiconductors
have since been reported, as has imaging of magnetic dissipation due to domain wall motion
in ferromagnets.24:25

Stipe et al., in their study of the noncontact friction experienced by an ultrasensitive cantilever
over a gold surface in high vacuum?6 applied a fluctuation-dissipation relation connecting the
noncontact friction coefficient I' to the fluctuating electric field JE,(t) that couples to the tip
charge qc:
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with kg Boltzmann’s constant, T the temperature, f; the cantilever frequency, Csg, (1) =
(9E4(t) OE,(0)) the equilibrium correlation function of the fluctuating electric field at the
cantilever tip generated by the sample, and JoE, the component of the electric field parallel to
the interface. These ultrasensitive measurements of noncontact friction have motivated
subsequent theoretical26—30 and experimental work7~19:31,32 devoted to understanding the
possible sources of electric field fluctuations over a metal sample.

Kuehn et al. used ultrasensitive cantilevers'112 in a non-contact friction measurement to
quantify fluctuating electric fields over polymer samples.}” These measurements were
analyzed by calculating I from eq 1, with Csg, (t) determined from a dielectric continuum
model.18:19 |n this picture, the cantilever friction arises from thermal dielectric fluctuations in
the polymer film, and I is determined by the polymer’s complex-valued relative dielectric
function at the cantilever frequency. Using measured values of the dielectric function, and an
estimate of the tip-sample capacitance to relate the tip-sample voltage to q., Kuehn et al.
showed that eq 1 agreed well with the measured friction for three polymer species over a range
of sample thicknesses and probe heights.

Israeloff and coworkers were the first to access the dielectric spectrum of a polymer by means
of scanned-probe microscopy. They observed cantilever frequency fluctuations (jitter) above
the surfaces of thin polymer films in vacuum.33=35 They interpreted these cantilever frequency
fluctuations as generated by a fluctuating electrostatic potential arising from thermal dynamics
in the film. In their analysis, the power spectrum of cantilever frequency fluctuations was
related to the absorptive part of the dielectric function of the film,33735 but the dependence
of frequency noise on probe height and film thickness was not explicitly given.

An important difference between the measurements of Israeloff and coworkers33=35 and those
presented here is the experimental geometry. In the measurements of Refs. 33735, the cantilever
tip moves perpendicular to the vacuum-polymer interface, as in most scanned-probe
experiments, while in the measurements reported here, the cantilever tip moves parallel to the
vacuum-polymer interface, as sketched in Fig. 1(a). In the case of perpendicular tip motion,
the tip-sample capacitance and hence the tip charge g, can vary significantly over the period
of the probe’s motion, while for parallel tip motion, g; may be assumed to be constant over the
period of the probe’s motion. Yazdanian et al. recently reported an approach to calculating
both cantilever frequency noise and noncontact friction in terms of the dielectric function, film
thickness, and probe height.1® Calculations in Ref.1® were performed for the case of parallel
tip motion, and the frequency jitter was found to be driven by fluctuations in the electric field
gradient at the tip.

Generalizing this analysis to the case of perpendicular tip motion, we have found that the
frequency jitter includes contributions from three mechanisms: (1) voltage fluctuations that
couple to the second spatial derivative of the capacitance, as invoked by Israeloff and
coworkers,33735 (2) electric field fluctuations that couple to the gradient of the capacitance,
and (3) fluctuations in the electric field gradient that couple to the tip charge as for the parallel
geometry. If the spatial derivatives of the capacitance are negligible as for the case of the
parallel geometry, only mechanism (3) remains. Thus frequency jitter with the perpendicular
geometry of Refs. 33735 and frequency jitter with the parallel geometry as reported here are
actually different experimental observables with different information content.
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For the configuration of Figure 1(a), we have shown1? that the power spectrum of cantilever
frequency fluctuations P (f) can be written as

Ps1.(f)

) f;odTCOS(Zﬂft)CJE.\ (0,
(2)

where we define the power spectrum as

Psp.(f)
=4f;odtcos(27rft) O f(1)6f:(0)). 3)

Here k. is the cantilever spring constant and Cgsg,, (t) = (OB (1)0Ex(0)) is the equilibrium
autocorrelation function of fluctuations in E,y = 0E,/0X, the electric field gradient at the probe
tip. In Ref. 1 we evaluated Csg,, (t) from a dielectric continuum model for the polymer film
and found

Psr.(f)
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The jitter power spectrum is related here to the tip-sample separation d, the sample thickness
h, the cantilever force constant k; and frequency f; in the absence of the sample, the tip charge
e, and the complex-valued relative dielectric function of the sample ¢(2zf). For known tip
charge, qc, this expression contains no free parameters. The purpose of this paper is to make a
rigorous comparison of egs 4-6 to new measurements of the power spectrum of cantilever
frequency fluctuations over polymer films of various composition as a function of height and
film thickness.

Measurements were carried out with custom-fabricated silicon microcantilevers'112:17 whose
sensitivity is two orders of magnitude higher than commercial cantilevers. Figure 1(b) shows
a scanning electron micrograph of a representative cantilever, made from single-crystal silicon.
The cantilevers are L = 275 um long, 7 um wide, and 340 nm thick, with spring constants
between 7.6x10~% and 1.7x10~3 N/m, resonance frequencies between 5 and 6 kHz, and
mechanical quality factors as high as 15000 in high vacuum (P = 10~6 mbar). By offsetting the
optical mask during lithography,11:17 a tip width as small as ~100 nm could be achieved. The
leading edge of the cantilever was thinned to 150 nm and coated with 15 nm of platinum using
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a shadow mask.11:17 The resulting metallized cantilever tip is reasonably well approximated
as a sphere. A tip before metallization can be seen in the inset of Fig. 1(b).

The spring constant k. of each cantilever was measured by analyzing thermomechanical
position fluctuations using the equipartition theorem.36 The mean-square amplitude of

cantilever thermal vibrations, { xfh), was estimated from the area under an averaged position-
fluctuation power spectrum, calculated from 25 transients lasting 25 s each. The spring constant

was then computed as kC:kBT/<x[2h>.

Films were prepared of three polymers: poly(methyl methacrylate), poly(vinyl acetate), and
polystyrene (Table 1). The polymers were spin-cast from toluene onto epitaxial Au(111)-on-
mica substrates (Agilent; Part No. N9805B-FG) and their thickness measured by profilometry.
The samples were then transferred to a high vacuum oven (P = 1076 mbar) and annealed at
Tg + 10°C for 12 hours to remove solvent and water. For Tg, we used glass transition
temperatures published for polymers with molecular weights similar to ours.3’—39 Dielectric
spectra, &(2=f), for PMMA and PVAc were measured in 440 nm thick polymer films using an
impedance analyzer (Hewlett Packard; Model No. 4192 A LF).40 The spectrum of polystyrene
was kindly provided by Professor Ranko Richert.41

To study each film, a cantilever was mounted to a custom-built scanning probe microscope.
19,40 Cantilever displacement was detected with an optical fiber interferometer operating at
1310 nm. The microscope had two levels of vibration isolation — custom-made stainless steel
bellows and a commercial vibration isolation stage (Minus-k 250BM-3). A commercial
nanopositioner (Attocube ANPz 51) was used to bring the cantilever into contact with the
surface and to scan the tip-sample separation. The film surface (d = 0) was located by measuring
cantilever quality factor Q, via a ringdown measurement, at various heights d; the surface was
defined within +2 nm as the height at which Q extrapolated to zero.16:17:40 This noncontact
protocol for locating the surface was validated by bringing the cantilever towards the surface
and watching with the interferometer for a characteristic dc displacement that occurs atd =0
when the cantilever buckles upon touching the surface.

A cantilever was then brought to a calibrated distance d over a film and its tip charged by
applying a voltage Vi between the cantilever and the gold of the substrate. To measure temporal
fluctuations in the cantilever resonance frequency over a film, the cantilever was driven into
self oscillation using a custom-built analog positive feedback loop.#2 The resulting oscillation
x(t) was digitized and passed through a 10t order Butterworth bandpass filter (center frequency
f, bandwidth fgj; = 2 x 2100 Hz). The instantaneous cantilever frequency f.(t) was determined
from the filtered signal by means of a software frequency demodulator, as described in detail
in the Supplement of Ref. 1°. Averaged power spectra P, of cantilever frequency fluctuations
ofe(t) = fo(t) — (f.) were determined using Eq. 3; each spectrum was computed from, typically,
Navg = 50 frequency transients lasting Tacq = 25s each. Bandpass filtering x(t) has the effect of
lowpass filtering Pst.. Using a high order filter is important to avoid contamination of low f
Fourier components in P by aliasing of instrument noise present on either side of f in x(t).
The non-contact friction coefficient was measured” by recording the cantilever ringdown time

rand calculating I'=k /27> /2.

The data of Figure 2(a—b) confirm33=35 that a charged cantilever does indeed exhibit increased
frequency fluctuations near the surface of a polymer film. The sample is a 200 nm thick film
of PMMA. As the tip-sample separation is decreased from d = 2000 nm to d = 25 nm, the root-
mean-square fluctuation in cantilever frequency increases over fourfold. With an ultrasensitive
cantilever, this increase in frequency noise due to fluctuations in the film can be easily
distinguished even with only 1 s of acquisition.

Nano Lett. Author manuscript; available in PMC 2010 June 1.
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To better distinguish polymer-induced cantilever frequency noise from contributions
originating in cantilever thermomechanical position fluctuations and detector noise, it is useful
to examine the power spectrum of cantilever frequency fluctuations. In Fig. 2(c) we show the
power spectrum of cantilever frequency fluctuations, Pdf. (f) vs. f, at a height d = 2000nm over
a 200 nm thick film of PMMA. The horizontal dot-dashed line is the contribution to frequency
noise expected from thermomechanical position fluctuations!®:42:43:

therm _ kB Tf ¢
o 271’X%m5ch (7)

where Xms is the root-mean-square amplitude of the driven cantilever. The dashed line in the
figure is the detector’s contribution to frequency noisel9:42:43:

et
P(lel_Pg.\' f2
ofe™ 2
Xrms (8)

where P4 is detector noise written in terms of an equivalent fluctuation of the cantilever
displacement. In the absence of a sample (or at large tip-sample separations), we find cantilever
frequency fluctuations to be dominated by thermomechanical position fluctuations and detector
noise, as seen in Fig. 2(c). Equations 7 and 8 together account, quantitatively, for the entire
power spectrum of cantilever frequency fluctuations apparent in Fig. 2(c) at large tip-sample
separation.

At small tip-sample separations, in contrast, the power spectrum of cantilever frequency
fluctuations is much larger than expected from thermomechanical and detector noise alone. In
Fig. 2(d) we show the power spectrum of cantilever frequency fluctuations at a height d =
25nm. Near f = 0, the frequency fluctuations have a power spectrum over 102 times larger than
the thermomechanical and detector contributions. We attribute this excess frequency noise to
tip-sample interactions. At d = 25 nm, with our ultrasensitive cantilevers, we can resolve
Fourier components in sample-induced frequency noise up to a frequency of approximately f
= 500Hz, a factor of twenty higher than was demonstrated in Ref. 3%,

Having established that polymer-induced frequency fluctuations are large and detectable with
excellent signal-to-noise using an ultrasensitive cantilever oscillating parallel to the sample
surface, we are now ready to explore the dependence of frequency fluctuations on tip charge,
tip-sample separation, and film composition and thickness. We will summarize these studies
by plotting the frequency integral of the power spectrum of frequency fluctuations,

g f P (f
Jrar Pog (). ©

We refer to this quantity as “jitter”. In the hypothetical limit that f — 0 and fy — oo, this
quantity equals {(Jf.)2). We set the lower cutoff frequency to f|_ = 0 Hz except when comparing
theory to experiment, in which case we set f| =5 Hz to reject low-frequency noise in the
measured dielectric function. The upper cutoff frequency, f = 100 Hz, is necessary to reject
high-frequency instrument noise present in the measurements (Fig. 2(c—d)).

In Fig. 2(e) we plot jitter at height d = 2000 nm over a PMMA film as a function of cantilever
amplitude. The solid line on the log-log plot has slope —2, confirming that jitter o 1/x2 , as
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expected fromeq 7. The jitter vs. cantilever amplitude at small tip-sample separation, d = 25nm,
can be seen in Fig. 2(f). At small cantilever amplitude, the jitter is approximately constant
(solid line), in agreement with the continuum model of dielectric fluctuations used to derive
egs 4-6. At large X;ms, however, the jitter in Fig. 2(f) decreases substantially. By introducing
a wavevector-dependent dielectric constant, eo(k, w), into the theory of Ref. 19, we believe it
should be possible to use data like that in Fig. 2(f) to obtain information about spatial-temporal
correlations in the sample’s dielectric function — an exciting possibility.

In Fig. 3 we plot frequency jitter vs. tip-sample voltage for a cantilever at various heights over
a PMMA film. The applied voltage puts a charge on the tip g, = C(Vis — ¢), where C is the tip-
sample capacitance and ¢ is the difference in contact potential between tip and sample. From
eqs 2 and 9 we expect jitter o C2(Vis — ¢)2. We can see in Fig. 3 that the jitter is indeed a
quadratic function of the applied tip voltage. By fitting the data to a parabola we can extract
the contact potential ¢. We note that measured ¢ is not quite independent of tip-sample
separation as one might expect; we will return to this observation below in discussing Fig. 6.
That jitter depends quadratically on voltage confirms a key assumption of our theory® — that
cantilever frequency fluctuations can be calculated using linear-response theory.

We now compare the measured Py to eq 4. In order to calculate g, we approximate the charged
tip of the cantilever as a sphere of radius R located a distance d above a dielectric slab of
thickness h backed by a conductor.19:44:45 \We use eqgs 6.5 and 6.6 in Ref.19 to calculate the
tip-sample capacitance C and then calculate the tip charge q. from C, the measured contact
potential ¢, and the applied tip-sample voltage Vis. We take the tip radius to be R = 70 nm,
based on the scanning electron micrograph in Fig. 1(b).

In Fig. 4 we compare the measured and calculated Py, at a height d = 100 nm above a 200 nm
thick PMMA film. The measured and calculated curves agree within better than a factor of two
over more than two decades of frequency. A P;, o 1/f line is plotted for comparison. We see
that, in this experiment, the cantilever frequency-fluctuation power spectrum is well
approximated as a 1/f spectrum for frequencies in the 5 to 500 Hz range, with small deviations
from 1/f behavior apparent only below f =~ 5 Hz.

This finding is in qualitative agreement with the P, o ¢"(f)/f behavior predicted by Walther
et al.,33 given that the measured &” for our PMMA sample is approximately constant from f =
5 Hz to 500 Hz. Equations 4-6 also predict Py, &"(f)/f for the limiting case ¢” (f) < 1, valid
for our measurements. Equations 4-6 predict quantitatively the absolute size of the observed
frequency fluctuations

In Fig. 5 we use the measured contact potential, estimated capacitance, measured dielectric
spectrum, and egs 4 and 9 to predict jitter in a bandwidth from 5 to 100 Hz as a function of tip-
sample separation d. In computing tip charge, we found it necessary to account for the height
dependence of the contact potential ¢ shown in Fig. 3, as follows. In each sample ¢ was
measured at 4 to 10 selected heights. Over the six samples studied at heights from d = 10 nm
to over 200 nm, the observed ¢ ranged from 0.29 V to 0.95 V. In any one sample, a variation
of <0.2 V was seen. In each sample, a high, low, and average contact potential (¢high, @Iow
and gpqyg) Were identified. The applied voltage was set to Vis = 0.5 V + gqy4. To account for
the observed variation in contact potential, for each sample two theory curves are calculated:
one with ¢ = pjq and one with ¢ = ppigh. In Fig. 5 the region between these two curves is
colored yellow.

The results for six samples are shown in Fig. 5: films of PS (upper row), PVAc (middle row),
and PMMA (lower row) of thickness h = 40nm (left column) and 450nm (right column). Theory
correctly predicts the magnitude of the observed jitter and its dependence, qualitatively, on
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distance. Comparing films of the same composition, theory also predicts correctly whether the
thick film or the thin film will have the larger jitter at close separation. This prediction cannot
be made without a detailed calculation: the electric field gradient fluctuations are largest over
the thick film, but at fixed tip-sample voltage the tip charge is less over the thick film and so
the fluctuations couple less well to the cantilever; differences in k; must also be accounted for.

The agreement between theory and experiment is poorest in polystyrene, where theory
underestimates the jitter observed at close separations by a factor of three in the thick film and
by a factor of ten in the thin film. It is not surprising that of the three samples, polystyrene
would show the worst agreement. The ¢” in polystyrene is very small and notoriously difficult
to measure, and is likely therefore more sensitive to sample preparation than either PMMA
and PVAc. Although we were able to obtain &’ and ¢” for polystyrene of molecular weight
comparable to ours,#! the sample was not identical to that used in our cantilever measurements.
Neither ¢’ nor ¢” for PS depend significantly on frequency over the relevant range. Treating
these constants as adjustable parameters does not yield a dielectric function that reproduces
the PS data for both thin and thick films with the same level of agreement shown for PVAc
and PMMA. This suggests that dielectric fluctuations in the thin PS film are not well
represented by bulk dielectric relaxation processes alone.

For the four PMMA and PVVAc films, where ¢’ and ¢” could be measured in identically-prepared
samples, the measured and predicted jitter are in quantitative agreement. The magnitude of the
jitter and its dependence on tip-sample separation is correctly predicted over two decades of
jitter in both of these samples. The agreement between theory and measurement in Fig. 5
confirms33-35 that the jitter measurement probes low frequency polymer motions. In PMMA,
for example, these low frequency motions include hindered rotations of polar side groups.#6

The ability to detect minute electric field gradient fluctuations is greatly enhanced by using an
ultrasensitive cantilever. To demonstrate this, let us define a spectral density of electric field
gradient fluctuations Psg,, by analogy with eq 3 and rewrite P, (eq 2) in terms of Pgg,,. TO
determine the thermally-limited minimum detectable electric field gradient, we set P 5. equal

t0 P (eq ),

therm _ 4kB rr
i qg xlgms (10)

where we have written the result in terms of the dissipation constant using I" = k.=2zf.Q. For
a commercial electric force microscope cantilever, I' = 1.5 x 1072 Ns/m (f; = 75 kHz, k. = 3.5
N/m, and Q =5 x 103). For an ultrasensitive cantilever, the friction coefficient can be as good
asl’ T' =5 x 10713 Ns/m (f; = 7.4 kHz, ke = 0.7 mN/m, and Q = 3.1x10%). We conclude that
the ultrasensitive cantilever can resolve a 3000-fold smaller fluctuation Psg,, than can a
commercial cantilever operated in vacuum with the same tip charge and amplitude.

Above we inferred the contact potential ¢ from a plot of jitter vs. voltage acquired at selected
tip-sample separations. We explored a much quicker, and in principle equivalent, method for
measuring ¢: recording frequency as a function of applied tip voltage. The voltage dependence
of the non-contact friction coefficient was measured simultaneously as a control.

Figure 6(a) shows a plot of jitter, noncontact friction coefficient I', and frequency f; over a
PMMA film as a function of tip-sample voltage Vis. The contact potential obtained by fitting
the jitter vs. voltage data to a parabola is gjitter = — 0.14+0.02V. Fitting the I vs. Vis curve to
a parabola gives a statistically equivalent result: ¢r = — 0.13+0.04V. While the cantilever

Nano Lett. Author manuscript; available in PMC 2010 June 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yazdanian et al.

Page 8

frequency is also observed to be a parabolic function of voltage, the contact potential inferred
from the f, vs. Vs curve is quite different: g, =—1.02 £ 0.03 V, twenty four standard deviations
away from gjigter and or-.

Parabolas of jitter, I', and frequency f, were used to infer gjitter, ¢r, and s, as a function of tip-
sample separation for d = 25 to 500 nm over the PMMA sample. The results are summarized
in Fig. 6(b). The contact potentials inferred from jitter and noncontact friction agreed within
0.1V over the range of d and were essentially independent of tip-sample separation. While
ot agrees with gjiwer and or at very small tip-sample separations, it differs from gjjter and
or by as much as 1.5 V at a few hundred nanometer separation.

A similarly large height-dependent shift in contact potential has been seen by Rast et al.3! in
measurements of the frequency of an ultrasensitive cantilever over a gold film in ultrahigh
vacuum. This shift was ascribed3! to either patch charges*’ on the gold or to surface
contaminants. Neither hypothesis explains the discrepancy between ¢f, and gjiter OF ¢r Seen
in Fig. 6. Silveira et al. have suggested that in an experiment with the cantilever oscillating
perpendicular to the surface at constant voltage, the force (e.g., displacement) and frequency
parabolas could have different minima in the presence of a height-dependent contact potential.
48 An alternative hypothesis is that the frequency measurement is more sensitive to the presence
of charge on the silicon body of the cantilever, which has a different work function from the
platinum tip, than are the measurements of friction and jitter.

Figures 4 and 5 are the central results of this letter. They show that our linear-response
theory19 accurately predicts the dependence of cantilever frequency noise on polymer
composition, tip-sample separation, and film thickness, as well as predicting the shape of the
frequency-fluctuation power spectrum. The inputs to the theory — the polymer’s low-
frequency dielectric spectrum and the tip diameter, used to estimate the capacitance — were
measured independently. The comparison to theory thus involves no free parameters. Taken
together with the results of Refs. 17 and 18, the data presented here suggest that a single unified
theory describes noncontact friction (due to electric field fluctuations) and frequency jitter (due
to electric field gradient fluctuations) in thin polymer films.

Cantilever dissipation probes only the Fourier component of electric field fluctuations at the
cantilever frequency.16:17:40 |n contrast, the entire low frequency spectrum of electric field
gradient fluctuations is encoded in cantilever frequency noise.3373%49 Qur results show that
ultrasensitive cantilevers are a particularly broadband detector, capable of quantifying electric
field gradient fluctuations from below 1072 Hz to nearly 103 Hz. Operating the cantilever in
the parallel geometry of Fig. 1 makes it possible to straightforwardly interpret frequency noise
in terms of an electric field gradient fluctuation. Our findings motivate using an ultrasensitive
cantilever to test microscopic models of other fluctuations, such as charge fluctuations in
heterogeneous electronic materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.

Experimental set-up. (a) A charged cantilever tip oscillates in the x direction, parallel to the
sample surface, at a height z = d above the surface of a dielectric sample of thickness h. The
tip is charged by applying a voltage Vs between the tip and a metal film under the sample. (b)
Scanning electron micrograph of a representative cantilever. The hexagonal pad acts as a target
for an optical fiber interferometer. Inset: Close-up of the cantilever tip. Here the cantilever is
shown prior to coating its end with platinum using a shadow mask.
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FIG. 2.

Cantilever frequency fluctuations over a 200 nm thick film of PMMA at large tip-sample
separation (d = 2000 nm, upper panels, blue data) and small tip-sample separation (d = 25 nm,
lower panels, black data). (a, b) Cantilever frequency fluctuations in a 2100 Hz bandwidth
centered at the cantilever frequency. (c, d) Power spectra of cantilever frequency fluctuations.
The lines show contributions to the cantilever frequency-fluctuation power spectra from
detector noise (dashed) and thermomechanical position fluctuations (dot-dashed). Here f. =
4158Hz, ke, =0.87mN/m, and Q(d = 2000nm) = 4700 while Q(d = 25nm) = 500. The dot-dashed
lines were computed using these values and eq 7. The dashed line was computed from eq 8

using the measured detector noise P5(d = 2000 nm) = 3.3 x 10~8 nm?/Hz and P$'(d = 25 nm)
=6.6 x 1078 nm2/Hz. (e, f) Cantilever frequency jitter in a 100 Hz bandwidth vs. root-mean-
square cantilever amplitude. In (a—d), the cantilever amplitude was X;ms = 70 nm-rms.
Throughout, the tip-sample voltage was Vis = ¢ + 0.5 VV where ¢ =— 0.1 V is the measured

contact potential difference between the tip and the underlying gold substrate.
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FIG. 3.

Frequency jitter vs. tip-sample voltage over a 466 nm thick PMMA film at various heights.
Data (points) and parabola fits (lines) are shown for tip-sample heights of d = 75 nm (black
triangles), d = 100 nm (green squares) and d = 250 nm (blue circles). The cantilever amplitude
was Xrms = 75 nm and the cutoff frequencies were f = 0 Hz and fy = 100 Hz.
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FIG. 4.

Observed and calculated power spectrum of cantilever frequency fluctuations at heightd = 100
nm over a 200 nm thick PMMA film. The small blue-gray dots are the observed spectrum. The
large black circles are the spectrum calculated from eqgs 4-6, the measured dielectric spectrum,
and the tip-sample capacitance model discussed in the text. The red line shows a 1/f spectrum,
as a guide to the eye. Applied voltage Vis = 0.5 V + ¢ with ¢ =—0.1 V; and X;ns = 70 nm-rms,
Navg = 50, and Tgeq = 25 s.
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Dependence of jitter on tip-sample separation for six polymer films. The film composition and
thickness are indicated in the figure. The red dots are the jitter obtained from the measured
power spectrum using fi =5 Hz and fy = 100 Hz. The yellow regions are the predicted jitter,
calculated as discussed in the text. The applied voltage was Vis = 0.5 V + ggyq Where ggyq is
the height-averaged contact potential, measured independently in each sample. The cantilever
amplitude was Xyms = 70 nm-rms, Ngyg = 50, and Tgeq = 1 s.
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FIG. 6.

(a) Simultaneously-acquired jitter (blue circles), noncontact friction coefficient " (green
squares), and cantilever frequency f; (black triangles) vs. tip-sample voltage Vs at a height d
=100 nm over a 200 nm thick film of PMMA. Solid-lines are parabolic fits. (b) The voltage
at the parabola minimum, ¢, as measured from the jitter (blue circles), noncontact friction
coefficient (green squares), and frequency (black triangles) parabolas. The tip amplitude was
Xrms = 70nm-rms throughout; jitter was measured in a 100 Hz bandwidth (f_. = 0 Hz and fy =
100 Hz).
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