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Low-amplitude dynamic force microscopy can operate in a non-contact mode, sensing changes in liquid properties
near a surface. Operation of the microscope in water at the higher amplitudes often required for stable imaging has
been investigated. When driven by direct application of a force to the tip, the microscope is stable over a wide range
of operating frequencies. At low frequency, the interfacial stiffness extracted from approach curves is found to be of
the order of 1 N m™1 on first contact, which is indicative of imaging via a compressed liquid layer. Measurements
of the spectral response of the cantilever and numerical simulations confirm this and show that viscous damping at
the surface also plays a role. Copyright © 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Dynamic force microscopy (DFM) has become the
method of choice for imaging soft materials in liquid,
arguably one of the most important applications of
atomic force microscopy. The mechanism of DFM in
air has received considerable attention,!~ as has the
operation of DFM on clean surfaces in a vacuum.* The
interaction between an oscillating cantilever and a solid
surface in fluid has been studied with the cantilever
driven solely by thermal fluctuations® or at a very low
amplitude of oscillation.°® Recently, O’Shea et al.
demonstrated that low-amplitude DFM senses changes
in the elastic and viscous properties of the surface at
nanometer distances, and can therefore be operated in a
non-contact mode. The purpose of this paper is to
discuss operation of DFM at the larger amplitudes
typical of many imaging applications.!?:11

Both operation of the microscope and investigation
of its imaging mechanism are complicated by the heavy
viscous damping and mass loading of the cantilever.
Butt first showed that the resonant frequency of a can-
tilever in water is reduced by about a factor of three
compared to that in air as a consequence of its
increased effective mass due to the need to move fluid
with the cantilever.!? The mechanical Q factor is also
reduced by many orders of magnitude by viscous
damping.'? These first studies utilized the thermal fluc-
tuations of a cantilever far from the surface. As the can-
tilever is brought towards a surface, the effective
viscosity of the fluid increases rapidly owing to the need
for fluid to be squeezed out of the gap between cantile-
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ver and surface.>’'® However, the effect does not con-
tribute to image contrast because it is approximately
constant once the cantilever is close enough for the tip
to be nearly in contact with the surface.” Our concern
here is with the changes that occur at nanometer dis-
tances from the surface.

This paper is organized as follows: the criteria for
choosing operating amplitude are presented and a pro-
cedure for amplitude calibration is outlined; the mecha-
nical difference between acoustic excitation of the
cantilever and direct drive by magnetic deflection is
demonstrated with approach curves; a formula for
interpreting low-frequency, high-amplitude approach
curves is derived and applied to surfaces under water;
and measurements of the cantilever response as a func-
tion of frequency and distance from a mica surface are
presented and interpreted with the aid of numerical
simulations. These confirm the interpretation of the
low-frequency approach curves, which indicate that on
initial ‘contact’ the tip is sensing the surface via com-
pression of an interfacial fluid layer. Thus, it appears to
be possible to operate DFM in non-contact mode in
fluid even at high amplitude.

EXPERIMENTAL

Measurements were made with two systems. One was a
Seiko (Tokyo) atomic force microscope with a home-
made liquid cell equipped with a ferrite-cored solenoid
beneath the sample. Rectangular silicon cantilevers
(Olympus, Tokyo) with nominal spring constant (k), of 2
and 20 N m~! were modified by the addition of a small
magnetic particle as described elsewhere.” The other
was a MAC Mode Pico scanning probe microscope
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that utilized silicon nitride cantilevers (nominal stiffness
0.6 N m 1) coated with a magnetic film (MAC Levers),
both from Molecular Imaging (Phoenix, AZ). The
instrument was equipped with a piezo-electric drive to
permit switching between magnetic and acoustic excita-
tion of the cantilever. We used flame-annealed gold
(111) films and clean water'# or freshly-cleaved mica in
water from a Millipore system.

OPERATING AMPLITUDE FOR DFM IN
LIQUID

It is desirable to operate DFM at as small an amplitude
and with as small a setpoint change as possible, in order
to minimize disturbance of the sample. This may be
seen by considering the energy dissipated in the sample
on each cycle in the low-frequency limit:

AE(@Z) = 3k{4o* — [4o — A@)]*} 1)

where k is the cantilever spring constant, A, is the
amplitude immediately prior to approach to the surface
and A(z) is the amplitude at some distance z from a
nominal surface plane (see below). In contrast to DFM
in a vacuum or air, resonance effects are small, so the
microscopy is largely sensitive to changes in amplitude.
Its sensitivity is thus limited by thermal fluctuations and
is not significantly enhanced by operating at resonance.
However, stable operation requires an amplitude suffi-
cient to pull the tip out of attractive interactions (such
as adhesion). In addition to the usual requirement that
(OF /0z)™ < k, we need

kA_ + Fy + F™™ <0 2)

where A_ is the amplitude on the down swing (Fig. 1),
F,; is the maximum magnetic force (for the case of mag-
netic drive) and Fg** is the tip-sample maximal inter-
action force. In non-contact operation tip—sample
adhesion can be avoided, but in normal imaging condi-
tions on rough surfaces a safe value of 4, is ~2-5 nm
withk ~1 Nm™!,

It is common practice to calibrate the oscillation
amplitude by pushing the cantilever far into the surface
and assuming that, in hard contact, the amplitude falls
one nanometer for every nanometer the tip advances
(ie. dA/dz = 1; see Fig. 1 for definition of quantities).
This procedure assumes that the bending profiles in
oscillation and contact are the same. Although this is
not true in general,!® we found that for the cantilevers
used in this work the decay of the oscillation amplitude
followed the deflection trace in contact (for low driving
frequencies). This is illustrated in Fig. 2(a), which shows
that the bending signal with the tip is driven at 1 kHz,
which is well below the resonant frequency of 14.8 kHz.
The lower part of the swing lies on the line drawn
through the contact part of the signal for which dA/
dz = 1. (Note that we have arbitrarily set the position of
the onset of amplitude decay to be zero.) This is not the
case at higher frequencies. The ratio dA4/dz for the same
cantileve, driven at resonance is 1.64 [Fig. 2(b)]. Here,
we have used the data from Fig. 2(a) to calibrate the
amplitude signal from which this gradient is derived.
The increased gradient comes about from the dissi-
pation of stored energy, as is clear from the decay of

Copyright © 1999 John Wiley & Sons, Ltd.

Figure 1. Showing an oscillating cantilever a distance h above a
surface (left) and a distance h —dz (right) above a surface. The
extent of the swing is A, in the upward direction and A, _ (left) or
A,_ (right) in the downward direction. The tip—surface force is F
and the maximum force exerted by the applied magnetic field is
F

both the top and bottom portions of the swing. The Q
for this cantilever (k=2 N m™!) was ~3. When a
higher Q cantilever (Q = 12, k = 20 N m ) is driven at
resonance, the gradient approaches 2, which is the limit
appropriate for symmetrical decay of the amplitude
[Fig. 2(c)]. Thus an initial calibration at low frequency
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Figure 2. Plots of bending signal (measured as a signal in mV) as
the cantilever was advanced towards a mica surface in water. Data
for the oscillation amplitude were acquired simultaneously. (a) An
Si tip with k=2 N m~"! and a resonant frequency of 14.8 kHz
driven at 1 kHz. (b) The same tip as (a) at resonance. (c) A 20 N
m~" cantilever driven at resonance. The envelope of the oscillation
has been outlined in order to emphasize the asymmetry in curves
(a) and (b).
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is required because the gradient near resonance is not hard contact. In this case the tip was then pushed far
known a priori. (~1 pm) into the surface, resulting in adhesion on
retraction (5). The oscillation amplitude remained at
zero until the tip jumped out of contact (6). On further
ACOUSTIC VERSUS MAGNETIC DRIVE retraction, the deflection signal remained at zero but the
amplitude continued to grow, suggesting that in region
2 the tip is ‘out of contact’ with the surface.

It is well known that acoustic drive in liquid is : .
restricted to frequencies at which the cantilever holder Figure 3(b) shows approach curves for acoustic drive
resonates, resulting in many sharp response peaks near resonance (25 kHz) and well below it (5 kHz). In

despite the dampened response of the cantilever.!®17 this case, bending is induced by displacement of the
These spurious responses can be eliminated with mag- cantilever holder. At resonance (Q = 3) the holder must
netic drive.'? However, magnetic drive appears to offer be dlsplaceq 0.3 nm for every nan(')meter.of tip motion.
advantages that go beyond an increased range of oper- Thus, even in hard contact, a residual signal is gener-
ating frequency. It is claimed that the technique gives a ated.as .the moving cantilever holder bends the cantile-
better signal-to-noise ratio and images with higher ver (indicated by the double arrow below the approach
resolution.!%11:18 This may be related to the different curve). Far from resonance, more complex behavior is
process by which the cantilever is bent in the two cases. observed. For very low frequencies, the bending signal
In magnetic excitation, the cantilever and sample goes to zero (which is what prevents precise amplitude
remain fixed, the cantilever being bent directly by appli- calibration in_this case). However, residual bending
cation of a magnetic force or magnetostriction [see firlven by motion of the cantilever holdgr y1e1§1s a signal
inset, Fig. 3(a)]. In acoustic excitation, the long- in contact, so the sense of the servo signal is reversed
wavelength sound waves cause displacement of the can- [Fig. 3(b)]. One cause of the reported differences in
tilever holder [inset, Fig. 3(b)] so that the net bending image quality may be the difficulty of amplitude control
signal is the difference between displacement of the tip with acoustic drive.

and displacement of the holder. Writing the complex
amplitude in this way and solving for the real part of HARMONIC AND ANHARMONIC ANALYSIS

the signal yields the following result OF LOW-FREQUENCY DATA
o* + (0w,/Q)?
Alw) = Ao\/ (@2 — 0g?) +O(ww 1072 3) O’Shea et al.”-® have analyzed data for low-amplitude
0 o operation using a damped harmonic oscillator model of
Here A, is the amplitude of the drive applied to the the cantilever motion in which the displacement ampli-
holder, w, is the resonant frequency of the cantilever tude A(z, w) is given by

and Q is the quality factor of the cantilever. Note that Az, 0) =
the response, A(w), drops to zero at zero frequency, in ’

contrast to magnetic drive where the response is Fy/k.'! Fy )
Figure 3(a) shows amplitude curves for approach and ~ k + S(2)1m*(2)w>
retraction for magnetic drive together with simulta- \/ [k + S(z) — m*(z)w?]? + : gg)z @

neously acquired average displacement curves
(calibrated in nN). Note that on initial approach (1) where F), is the magnitude of the applied magnetic

dA/dz was less than unity but approached it closer in force, k is the cantilever spring constant, S(z) is an effec-
(2). The signal eventually fell to zero within the noise tive interface stiffness, m*(z) is an effective cantilever
level (3) as the displacement signal rose (4), indicating mass and Q(z) is the mechanical Q factor. The bars over
7 . 7
6 6
a 15 £
S 5 S %
-4 @
E 4| 2 E
= | '3 LE =
o, . [
g3 2 & 3
52t l; & ¥
£ S E
{ 1 I a 0 { { o " J
0 wifae | 1 1 14 0 L ¥ o
-20-15-10-5 0 5 10 15 20 -20-15-10-5 0 5 10 15 20
Displacement (nm) Displacement (nm)

Figure 3. Approach curves for a silicon nitride tip and an Au(111) surface in water. (a) Magnetic excitation at 5 kHz (resonance =35 kHz)
with the amplitude calibrated as described in the text. The heavy line shows the approach signal and the heavy dotted line shows the
retraction signal. The thin solid line shows the approach force, averaged over the tip motion, and the thin dashed line shows the same
quantity in retraction. (b) Acoustic drive for a drive peak (25 kHz) near resonance (heavy solid line) and well below (5 kHz, dashed line)
resonance. The double arrow below the 25 kHz trace shows the residual signal. Amplitude calibration was assumed to be the same as in (a)
but this could not be checked. Note that the signal sense is reversed at low frequency. Insets illustrate the displacements in the two cases.
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Figure 4. Interfacial stiffness S(z) for mica and a silicon tip
(dashed line) and Au(111) and a silicon nitride tip (heavy line) in
water. Results were calculated from low-frequency approach
curves using Egn. (7). The thin line indicates a region of exponen-
tial decay.

0.001

S, m* and Q indicate that they are averaged over the
motion of the cantilever, which is accurate for small
amplitudes. This approximation breaks down at high
amplitude. For example, the low-frequency limit of (4)
yields the well-known result A,/A(z) = [S(z) + k]/k,*°

implying that the fractional change in amplitude is con-
stant at a given z. This is obviously not true at high
amplitude, where all of the motion that lies beyond the
range of surface forces is unaffected by the approach.

It is relatively straightforward to generalize the result
of Pethica and Oliver!'® to the high-amplitude regime.
Consider a cantilever initially at a height h above a
surface (Fig. 1) with a maximum upward swing 4, =
Fy/k and a maximum downward swing 4, _. Moved a
distance dz towards the surface (Fig. 1), the new down-
ward swing is A, . With dA=4,_ — A,_ and
z' = z — (dz — dA) the force equilibration on the down-
ward stroke is given by

Fy=kA;- + F(2) = kA, + F [z —(dz —d4)] (5)

where we have assumed a symmetric magnetic drive so

that the magnitude of the magnetic force on the down-

ward swing is equal to that on the upward swing. If we

define a differential force ‘constant’ S(z) by

Fi [z — (dz — d4)] — F,[7]
(dA4 — dz)

then Eqn. (5) yields

SG) = ,(dA —d2)—>0 (6)

T ™
&i0-1]

with repulsive forces defined as negative. Thus, the
inverse of the derivative of the approach curve taken at

S(z) =
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Figure 5. Amplitude vs. frequency for various nominal distances from the surface (as indicated) for a 5 nm peak-to-peak drive for a silicon
tip approaching mica in water. Note the logarithmic scale. The drive signal (just above resonance) is off-scale, and the data are obtained
with a small amount of white noise added to the drive so that the ‘small signal’ analysis is conducted as an average over large amplitudes.
The solid lines are fits to Eqn. (4). Inset shows the approach and average force curves, indicating the set points used to obtain the spectral

data (@ =4.8 nm,b=3.2nm,c =1.6 nm).
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low frequency may be used to estimate S(z). The
approach curves of Figs 2(a) and 3(a) were used to gen-
erate the values for S(z) displayed in Fig. 4. Curves were
fitted to a ninth-order polynomial that was then differ-
entiated explicitly and the results used in Eqn. 7. The
procedure becomes unreliable as dA/dz approaches
unity, but both systems show that, at the extreme low
point of the swing, S is initially of the order of 1 N m ™1
for distances of the order of nanometer. This is charac-
teristic of compression of a fluid layer.”®2° Closer to
the surface S(z) rises rapidly to values of the order of
100 N m™ !, which is characteristic of indentation of a
solid surface by a tip.!°-2! The data for mica exhibit an
extended region of single exponential behavior, indi-
cated by the line of Fig. 4.

AMPLITUDE DECAY OVER A WIDE
FREQUENCY RANGE

The measurements of O’Shea et al.® were extended into
the high-amplitude regime by driving a silicon cantile-
ver just above its resonant frequency (14.8 kHz) with
sinusoidal excitation that produced a 5 nm peak-to-
peak deflection when the cantilever was far from the
surface. A small amount of white noise was added to the
drive signal and the deflection signal was fed into a
spectrum analyzer. Far from the surface (~ 500 nm) this
yields a response that fits the damped harmonic oscil-
lator model (Eqn. 4) with k = 2.5 N m~ !, m*(z) = 3.1
x 1071 kg and Q(z) = 2.4, although there is some dis-
crepancy at low frequencies (Fig. 5). This is to be
expected because these measurements are averages over
large-amplitude motion. Surprisingly, Eqn. (4) fits the
data to about the same extent even as the surface is
approached. The distance was controlled using ampli-
tude damping at the drive frequency (inset, Fig. 5). We
arbitrarily took 5 nm from the initial onset of decay to
be the surface location so that at a (inset, Fig. 5) the tip
was 4.8 nm, at b it was 3.2 nm and at c it was 1.6 nm
from it. The fits were made with m*(z) approximately
constant, with Q(z) remaining ~2 (falling to 0.9 for the
1.6 nm curve). Values of §(z) were 0.4 N m~! (4.8 nm),
14 Nm! (32 nm) and 1.5 N m~! (1.6 nm). The
numbers are of no significance beyond their role in
parameterizing the response curves; the surprising
result is that Eqn (4) fits to any degree.

A NUMERICAL MODEL

A large-amplitude model must be solved in order to
interpret the data of Fig. 5 and a simple model is shown
schematically in Fig. 6. The mass m (representing the
cantilever) is shown displaced from its equilibrium posi-
tion at Z =0 to hit the mass M (representing the
interface), depressing it by an amount é from its equi-
librium position. At the low point of the swing, 6 = 4.,
—A_ (see Fig. 1). The equilibrium height of the tip
above the surface is I’ (see Fig. 6), related to the h of
Fig. 1 by some unknown constant displacement. We
model the interfacial stiffness with a single exponential
for simplicity, S(6) = S, exp(d/4), as an approximation

Surf. Interface Anal. 27, 354-360 (1999)

Qs

S(8)=S,exp(5/))

Figure 6. Model of the tip—surface interaction. The equilibrium
height of the tip above the ‘surface’ is h’. The tip (mass m) is
shown displacing the ‘surface’ (mass M) by an amount d.

to the results of the low-frequency analysis (Fig. 4) and
consistent with other observations on liquid-solid inter-
faces.® Approach curves in organic solvents have shown
that interfacial viscosity plays a dominant role.° In
water, however, the relatively small changes in the
shape (i.e. Q) of the response curves on approach, com-
bined with the role of interfacial stiffness in the low-
frequency data (Fig. 4), suggest that interfacial stiffness
is important. Thus we treat Q, and Q, as constants, rec-
ognizing that Q, <1 indicates increased viscous
damping at the surface. We explored the effects of
varying the surface mass M but obtained good fits with
a constant value. Non-zero mass is required in order to
produce the abrupt change in tip motion at the surface
[see Figs 2(a) and 8] but it must be small enough to
give a resonant frequency for the model surface
(/S o/M) that is well above the resonant frequency of
the cantilever. This was achieved with M = 6 x 10~ 12
kg. This parameter may be of less importance in a two-
exponential model, which would give a more accurate
representation of the measured interfacial stiffness (Fig.
4), but the present approach minimizes the number of
model parameters.
The equation of motion of the system is

m*Z + y*Z + + k*Z = Fexp iot ®)

where Z is measured from the equilibrium position of
the tip and, for Z, and

|Z_|<W:m*=m, k*¥=k y*=y,
|Z_|=H:m* =M, k*=k+ S,exp(5/4),

¥ =9+ 9

where Z_ is the displacement on the downward stroke
and Z . is the displacement on the upward stroke. The
damping parameters are given by y, = mw,/Q, and
ys = Mw,/Q,. Equation (8) was integrated numerically
to obtain Z(f), starting from Z(0) =0, Z(0) =0 and
Z(0)=0; F, was chosen to be 1.25 nN with k =25

Copyright © 1999 John Wiley & Sons, Ltd.
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Figure 7. Some simulations of the spectral response for a peak-to-peak amplitude of 2 nm at low frequency and the parameters described
in the text. The amplitude scale is logarithmic. At A’ =1.6 nm (top curves) the tip barely touches the ‘surface’. Lower curves are calculated

for steps of 1.6 nm towards the ‘surface’.

N/m ™! to give a low-frequency half-amplitude of 2 nm;
and m was calculated from the free resonant frequency
to be 3.1 x 101° Kg. Each cycle of oscillation was
divided into 60000 time increments and the equations
were integrated over 40 complete cycles. A comparison
of the results after 20 and 40 cycles showed that a
steady state was reached at 20 cycles, so subsequent cal-
culation was stopped at this time. Calculations were
carried out for /' = 1.6, 0, —1.6 and — 3.2 nm. The first
value barely touches the surface (A* — & = 0.4 nm),
whereas the last value corresponds to an equilibrium
position well into the region of increased stiffness.

Some results are displayed in Fig. 7. The best agree-
ment [Fig. 7(a)] was obtained with the experimentally
determined form S(z) = 0.52 exp (1.016) and with Qg =
0.3. Results are quite sensitive to Qg, as illustrated in
Fig. 7(b). A small decrease (to 0.1) results in an apparent
decrease of peak frequency with penetration because of
the frequency dependence of the damping. Further
reduction results in a very ‘non-harmonic’ response, the
top of the peak near resonance being cut off as the tip
loses energy to the surface. A higher Qg value results in
too sharp a peak at the greatest penetration depth.

The simulation are also quite sensitive to the form of
the surface stiffness. This can be demonstrated by
changing either S, or 4, and we show plots for A = 10
nm in Fig. 7(c). These show that the amplitude damping

Displacement
Displacement

Time

Figure 8. (a) The experimentally measured tip bending signals at
5 kHz as the setpoint is increased stepwise (data overlaid). (b)
Calculated displacement with the parameters used for calculation
of the data in Fig. 7(a).

Time

Copyright © 1999 John Wiley & Sons, Ltd.

and frequency shift are too small in this case. The
opposite results are obtained with an increase in S, or a
decrease in A.

The shape of the tip trajectory calculated with these
parameters is in reasonable agreement with measure-
ments, as shown in Fig. 8 (data and calculations are for
5 kHz drive). The cut-off appearance of the bottom
requires both some surfaces mass and a surface stiffness
that increases strongly with distance.

DISCUSSION AND CONCLUSIONS

Both the simple analysis of low-frequency approach
curves and numerical modeling of the spectral response
show that, at the lowest point of its swing, the tip senses
an initial interfacial stiffness of the order of 1 N m™!
even at the nanometer amplitudes used for DFM
imaging. This value is characteristic of fluid compres-
sion.”82% Thus, operated at small changes in ampli-
tude, DFM in fluid is non-contact, confirming and
extending the low-amplitude results of O’Shea et al.’
This conclusion is in accord with experience in oper-
ating the microscope. A small setpoint amplitude
reduction does not, in general, give the best resolution.
Resolution increases as the amplitude reduction is
increased, until the interaction becomes so strong, that
the underlying sample is disturbed. This suggests that
the best operating conditions for the microscope are
obtained with the smallest free amplitude (4,) that
yields stable operation together with the largest ampli-
tude reduction that does not disturb the sample. Softer
cantilevers would help this process, but we have found
that the background signal owing to cantilever motion
in contact becomes significant when the stiffness falls
below 0.1 nm ™1,

Our results, and those of O’Shea et al.,’ suggest an
interfacial stiffness for water that is much greater than
that implied by a recent simulation?? that yielded
piconewton changes over subnanometer distances. We
cannot exclude the possibility that contamination plays
some role?® because of the non-UHV environment.
None the less, our measurements were carried out in
relatively cleaner conditions that those used for imaging
biological molecules, for example.

Surf. Interface Anal. 27, 354—360 (1999)
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The simulations suggest that, at least for the initial
approach, the dominant contribution arises from stiffen-
ing of the water at the interface, in contrast to the domi-
nant role of viscosity in other cases® (though the viscous
contribution clearly increases at short distances). Thus
DFM images in water, particularly at low frequency,
may be interpreted as a map of contours of constant
stiffness. The value of the setpoint stiffness may be
evaluated from the approach curve using Eqn. (7). The
remarkably ‘harmonic’ appearance of the high-
amplitude spectral response is accidental. We would not
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