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Amplitude-modulated (AM) atomic force microscopy (AFM), also known as tapping or AC mode, is
a proven, reliable, and gentle imaging method with widespread applications. Previously, the contrast
in AM-AFM has been difficult to quantify. AFM loss tangent imaging is a recently introduced tech-
nique that recasts AM mode phase imaging into a single term tan ¢ that includes both the dissipated
and stored energy of the tip-sample interaction. It promises fast, versatile mapping of variations in
near-surface viscoelastic properties. However, experiments to date have generally obtained values
larger than expected for the viscoelastic loss tangent of materials. Here, we explore and discuss sev-
eral practical considerations for AFM loss tangent imaging experiments. A frequent limitation to tap-
ping in air is Brownian (thermal) motion of the cantilever. This fundamental noise source limits the
accuracy of loss tangent estimation to approximately 0.01 < tand < 5 in air. In addition, surface
effects including squeeze film damping, adhesion, and plastic deformation can contribute in a manner
consistent with experimentally observed overestimations. For squeeze film damping, we demonstrate
a calibration technique that removes this effect at every pixel. Finally, temperature-dependent imag-
ing in a two-component polymeric film demonstrates that this technique can identify temperature-
dependent phase transitions, even in the presence of such non-ideal interactions. These results help
understand the limits and opportunities not only of this particular technique but also of AM mode
with phase imaging in general. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944879]

I. INTRODUCTION

Gentle, high-resolution characterization with sensitivity
to mechanical properties has been an ongoing goal of atomic
force microscopy (AFM) since its advent."* The ability to
characterize both viscoelastic and elastic responses on the
nanoscale is increasingly important in successful development
of advanced materials. To achieve this goal, various AFM
techniques have been developed over the years. Initially, these
techniques could typically provide only qualitative informa-
tion, with image contrast related to various mechanical prop-
erties. However, recent years have seen great strides towards
the ultimate goal of quantitative nanomechanical imaging.

One of the most popular AFM imaging modes is “tapping
mode,”* also known as intermittent contact (AC) or amplitude-
modulated (AM) mode. The term “tapping” was coined by
Finlan,* who was among the first*® to describe the mode.
Independent discoveries by Gleyzes® on bistability and other
effects laid the first foundations of theoretical understanding,
and commercialization followed shortly thereafter.”® In this
mode, the cantilever is driven at a frequency close to or at that
of its lowest resonance mode. The amplitude and the phase of
cantilever oscillations are detected with a lock-in amplifier. On
approaching the surface, tip-surface interactions damp the can-
tilever amplitude. The amplitude can thus be used as a feed-
back signal for topographic imaging. Significant advantages of
AM mode include strongly reduced tip and surface damage,
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which allows imaging of much softer samples compared to
contact mode.

Another advantage of AM mode is that it allows detec-
tion of the phase of the cantilever response, referred to as
“phase imaging.” Phase imaging was a source of much
excitement beginning in the late 1990s, when the first phase
images of a wood pulp sample’ revealed microstructure not
visible in the topography image. Since then, it has become a
central technique in AFM materials imaging. It is most nota-
bly used in polymer characterization, where the phase chan-
nel is often capable of resolving fine structural details and
discriminating between various material components,'®~'®

Many approaches have been developed to interpret the
phase response in terms of the mechanical'’? and chemi-
cal®? properties of the sample surface. A key realization was
that phase contrast in AM mode operation does not depend
on a sample’s elastic properties, if the tip-sample interaction
is purely elastic.?* Soon afterward, an analytical expression
was derived to relate the phase in AM mode to the tip-
sample dissipation in the case of inelastic interactions.*
Since those pioneering works, progress has been made in
quantifying energy dissipation and storage between the tip
and the sample,”*® with the goal of linking it to specific
material properties. The phase response depends not only on
how the material stores elastic energy and dissipates viscous
energy but also on many other dissipative forces. In addition,
other factors that influence the phase response must be con-
sidered, including tip radius, and cantilever vibrational and
feedback parameters.

© 2016 AIP Publishing LLC
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Recently, phase contrast has been recast in terms of loss
tangent concepts.29 As with other mechanical measurements,
the indentation into a surface results in both elastic and inelastic
dissipative processes. In the limit where the tip-surface interac-
tion is a linear viscoelastic process,*” the ratio of the dissipative
and elastic contributions is described by the loss tangent. By
combining the amplitude and phase signals of AM mode, AFM
loss tangent imaging offers the potential for nanomechanical
property imaging with high spatial resolution and fast imaging
rates.>! However, the surface-sensitive nature of AM mode—a
feature that results in its high resolution and reduced surface
damage—complicates this simple interpretation.

In the following, we explore several practical considera-
tions for AFM loss tangent imaging experiments. We discuss
random and systematic errors and examine their effect on
measurement capabilities. This analysis also allows a quanti-
tative exploration of how sources of dissipation such as the
surrounding air environment, absorbed water on the sample
and tip, and sample plasticity can lead to overestimations in
the dissipated energy. Ubiquitous attractive interactions, both
long-ranged and adhesive, can lead to underestimations in the
stored energy. These real-world complications all lead to
overestimation of AM mode loss tangent values. The results
provide insight into AFM loss tangent imaging as an experi-
mental technique and aid its progress towards becoming a
more accurate tool for quantitative nanomechanical imaging.
In addition, while its interpretation in terms of the loss tangent
is new, AM mode phase imaging is a venerable topic, having
been practiced for more than two decades.” The insight pro-
vided by the analysis below also helps explain some of the
trends and observations in phase imaging over the past twenty
years, specifically the plethora of results on polymeric materi-
als and the dearth on metals, ceramics, and glasses.

Il. PRINCIPLES OF AFM LOSS TANGENT IMAGING

The viscoelastic loss tangent™ tand of a material is a
dimensionless parameter that measures the ratio of energy dis-
sipated to energy stored in one cycle of a periodic deforma-
tion and is ubiquitous in the polymer literature.>*>* This is
similar to other dimensionless approaches to characterize loss
and storage in materials such as the coefficient of restitution.>>
In terms of a material’s mechanical properties, the loss tan-
gent is defined as tan d = G”/G’, where G” is the shear loss
modulus, and G’ is the shear storage modulus. If the material
behaves like a linear viscoelastic material during the indenta-
tion cycle, the loss tangent is independent of the tip-sample
contact area.’®>® The concept of the loss tangent considers
elastic energy and viscous dissipation jointly instead of treat-
ing them independently as energy storage (the virial) and dis-
sipation. This approach is attractive for AFM experiments,
where the two quantities are inextricably linked: a tip indent-
ing a surface will both store elastic energy and dissipate vis-
cous energy, and both the stored and dissipated energy will
increase as the tip indents further into a surface.

In AM mode, the amplitude of the cantilever’s first res-
onant mode is used to maintain the tip-sample distance. At
the same time, the phase of the first mode will vary in
response to the tip-sample interaction. This phase reflects
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both dissipative’® and conservative®® interactions. The
AFM loss tangent tand of the tip-sample interaction is
related to the measured cantilever amplitude V (or equiva-
lently, A) and phase ¢ of the first resonant mode by*’

o V in ¢
. ———— — sin
<F s Z > Wfree Vfree
tand = =
w(Fi - z) 1% 2
0 — ———| — cos ¢
Vfree wfree
Qo — sin ¢

:ro(l —?) —cosd). m

In this expression, F is the tip-sample interaction force, z is the
tip motion, z is the tip velocity, w is the angular frequency at
which the cantilever is driven, Q is the quality factor of the reso-
nance, V is the cantilever amplitude and the brackets () repre-
sent a time average. The parameter Ve is the “free” resonant
amplitude of the first mode, measured at a reference position.
Note that because the amplitudes appear as ratios in Eq. (1), they
can be either calibrated or uncalibrated in terms of optical detec-
tor sensitivity. In the final expression in (1), we have defined the
ratios Q = 0/wpee and o = A/Agee = V/Viee- Equation (1)
differs by a factor of —1 from an earlier expression” because
we have adopted the convention that the virial (F, - z) is posi-
tive when the net forces between the tip and the sample are re-
pulsive. The convention that (F - z) > 0 results in tanJ > 0,
consistent with a common convention in the polymer literature.
This corresponds to an imaging condition commonly referred to
as “repulsive mode” and represents the situation where forces
between the tip and the sample are dominated by viscoelastic
contact forces rather than long range electrostatic, van der
Waals, or other attractive forces. If we operate in AM mode at
the free resonance frequency (i.e., Q@ = 1), the AFM loss tangent
expression can be simplified to

sing — o

tano ~ ——.
cos ¢

2

It is important to note that both Egs. (1) and (2) involve the
cantilever amplitude only through the ratio . Thus, the AFM
loss tangent does not depend on precise measurements of the
optical lever sensitivity, in contrast to techniques such as
force-distance curves. This has the potential to significantly
reduce a source of systematic error.’® In the above expres-
sions, we deliberately used V' (units of volts) to signify ampli-
tude instead of A (units of meters) to explicitly indicate that a
calibrated value of the optical lever sensitivity is not needed.

The following are some important implications of these
equations, all three of which result in an overestimation of
the sample loss tangent.

(1) In addition to contact repulsive viscoelastic forces,
attractive (negative) interactions between the tip and the
sample, averaged over an oscillation cycle, will make the
elastic denominator (Fy, - z) of Egs. (1) and (2) smaller.

(2) Tip-sample damping with origins other than the sample
loss modulus, for example, those originating from inter-
actions with a water layer on either the tip or the sample,
will increase the numerator in Egs. (1) and (2).
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(3) When the net forces on the cantilever are attractive, it
implies a negative frequency shift, or equivalently, a
positive phase shift ¢ > 90°. In this case, Egs. (1) and
(2) will actually return negative values for the loss tan-
gent. Other sources of dissipation discussed below, such
as squeeze film damping and plasticity, are additive.
This increases the numerator in Egs. (1) or (2), resulting
in an overestimation of the loss tangent.

These implications point out an important limitation of
AFM loss tangent imaging. Equations (1) and (2) should be
thought of as the combined loss tangent of the cantilever and
the tip-sample interaction. Depending on instrumental and
sample properties, this may or may not correspond to the loss
tangent tan 6 = G” /G’ originating from the linear viscoelastic
behavior of the sample mechanics. In addition to the desired
dissipative and elastic properties of the surface material, the
measured AFM loss tangent includes contributions from other
effects including changes in squeeze film damping, surface
contamination, chemical adhesion, plastic deformation of the
material, and perhaps even long-ranged electromagnetic inter-
actions. In other words, we are measuring the ratio of the total
conservative and dissipative responses of the cantilever as it
interacts with the surface.

lll. LOSS TANGENT IMAGING EXPERIMENTS

AFM loss tangent imaging promises high-speed nanome-
chanical characterization with more reliable contrast than con-
ventional phase imaging. To illustrate the potential of loss
tangent imaging and to further explore the implications of the
above discussion, we present experimental results for two dif-
ferent samples: a polymer blend and a metallic solder.

J. Appl. Phys. 119, 134901 (2016)

A. Temperature-dependent imaging of polymers

In polymer research, the viscoelastic loss tangent is
commonly used to identify phase transitions such as the glass
transition or the melting transition. In the linear viscoelastic
limit, the loss tangent is independent of geometric effects
and can therefore be considered an intrinsic material prop-
erty. Furthermore, the loss tangent typically peaks in the vi-
cinity of phase transitions and is thus a good indicator of
state changes such as the glass or melting transition.’**"
AFM loss tangent imaging versus temperature can therefore
provide valuable information for understanding advanced
materials with nanoscale viscoelastic heterogeneity.

We performed temperature-dependent measurements of
AFM loss tangent on a polymer film containing a blend of
polystyrene (PS) and syndiotactic polypropylene (PP) spin-
coated on silicon. The blend contained a continuous PP phase
with PS domains. For reference, bulk PS melts at ~240°C,
and syndiotactic PP melts between ~130°C and 170°C.
A cantilever (Arrow UHFAuD, Nanoworld, Neuchatel,
Switzerland) with a free frequency fre. = 810kHz was
excited with photothermal actuation (blueDrive™, Asylum
Research Oxford Instruments). A commercial AFM instru-
ment with an environmental chamber (Cypher ES, Asylum
Research Oxford Instruments) was used to heat and cool the
sample with a ramp rate of 0.01 °C/s. With a scan rate of
~9.8 lines per second, each 1024 x 512 image took less than
1 min (~52 s) to acquire.

Figure 1 shows the AFM loss tangent images acquired at
several different temperatures as the temperature was ramped
from 55 °C to 135 °C and then cooled back to 55 °C. Initially,
the images show little contrast between PP and PS. As the
temperature is increased, the contrast increases, mainly due to

0.7 14

FIG. 1. AFM loss tangent imaging experiments on a polymer film with a continuous phase of PP surrounding PS domains. The loss tangent images were
acquired as the film was first heated to (a) 55 °C, (b) 80 °C, (c) 100 °C, (d) 120 °C, and (e) 135 °C, and then cooled to (f) 120 °C, (g) 100 °C, (h) 80 °C, and

(i) 55 °C. Scan size 3 um.
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greater PP loss tangent values. The histograms of each image
confirm this behavior and show the relative width of the PP
and PS distributions. It can also be seen that while the heating
and initial cooling images contain a bimodal distribution, the
cooling curves show a trimodal distribution.

The temperature dependence of the AFM loss tangent
images is further understood by Fig. 2, which shows the peak
values of the PP and PS distributions in the image histograms.
The two materials show very different behaviors as the temper-
ature is ramped from 55 °C to 135°C. The AFM loss tangent
values for PS remain relatively constant over the temperature
sweep. In fact, there is little or no indication of the glass transi-
tion peak typically observed in dynamic mechanical analysis
(DMA) measurements at low frequencies (~0.1-100 Hz). In
DMA measurements, the values of the loss tangent at the peak
temperature of ~100-120°C are typically about two orders of
magnitude larger than those at room temperature. This discrep-
ancy is not yet fully understood. Earlier work with contact res-
onance AFM attributed a similar discrepancy to the tendency
for transition temperature to increase with increasing measure-
ment frequency.*' Given the large frequency difference
between DMA and AFM, even a modest effect might shift the
peak beyond the maximum temperature used here (135°C).
Further work is needed to determine if the discrepancy is due
to a real effect (differences in frequency, bulk versus surface
properties, etc.) or a measurement by-product.

In contrast to the PS results, those for PP increase dra-
matically with increasing temperature. A bifurcation is
observed in the PP values during the cooling part of the curve
due to formation of amorphous and crystalline phases. As the
sample is cooled back to its original temperature, the loss tan-
gent of the crystalline PP regions returns to its original value.

Polypropylene
Polystyrene yProey

== Warming
16 =O= Waming —e— Cooling - Amorphous
=@~ Cooling «@- Cooling - Crystalline

Loss Tangent

o
™
!

0.6 -

~ _/

T T

60 80 100 120 140
Temperature (°C)

FIG. 2. AFM loss tangent versus temperature for PS (red) and PP (blue) dur-
ing warming (open symbols) and cooling (closed symbols). The arrows indi-
cate the sequence of measurements. As the film cools, both amorphous
(solid line) and crystalline (dotted line) PP phases are formed.
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However, the cooled sample now contains additional regions
of presumably amorphous PP with much higher loss tangent.
One possibility is that these are crystalline regions oriented
parallel to the plane of the sample surface, so that amorphous
areas are exposed to the cantilever tip.

More generally, Figs. 1 and 2 demonstrate a key advant-
age of AM-AFM loss tangent imaging. Its ability to provide
spatially resolved information on heterogeneous materials is
a fundamental improvement on more conventional methods
that measure bulk samples. An analogous plot to Fig. 2 for
data from a macroscale technique would not contain the spa-
tially resolved information about individual PP regions.

B. AFM loss tangent imaging of a metallic sample

Viscous damping in metals tends to be much lower than
in most polymeric materials. Nevertheless, the viscoelastic
loss tangent can exceed 0.1 in metals, especially in softer
alloys including lead-tin (Pb-Sn) solder.** Viscoelastic effects
in these solders can play an important role in device failure
modes for electronic components. To perform AFM loss tan-
gent imaging on solder, a sample was prepared by first heating
a piece of 50-50 Pb-Sn solder (~10mm3) on a hotplate.
When the solder reached a molten state, freshly cleaved mica
was pressed on top of it. The sample was then promptly
removed from the hotplate and, once it had cooled to room
temperature, the mica was peeled off to expose a flat solder
sample. A nanocrystalline diamond cantilever (ND-DYCRS,
Advanced Diamond Technologies Inc., Romeoville, IL) with
a spring constant of ~32 N/m was used in the experiments.

Figure 3(a) shows the surface topography of the solder
sample, and Fig. 3(b) shows the corresponding frequency of
the cantilever’s second resonance measured in AM-FM (ampli-
tude modulated-frequency modulated) mode. Briefly, the sec-
ond resonance in AM-FM mode is related to the interaction
stiffness between the tip and the sample,* ™ with higher fre-
quency corresponding to higher stiffness. This frequency-shift
image clearly resolves different domains on the sample surface,
presumably Sn-rich (stiffer) and Pb-rich (softer) domains.
Figure 3(c) shows the simultaneously obtained AFM loss tan-
gent image acquired with the cantilever’s first resonant mode
in AM mode. While there is some crosstalk between the topog-
raphy and phase channels, this image shows very little contrast
correlated with the domains seen in Fig. 3(b). A histogram of
the entire AFM loss tangent image in Fig. 3(c) is shown in
Fig. 3(e) by the blue bars. To distinguish the loss tangent values
in the different material domains, a mask based on the fre-
quency shift image in Fig. 3(b) was constructed. This mask is
shown in Fig. 3(d), where red represents the soft domains and
green represents the stiff regions. The two different masks
were applied to the loss tangent image of Fig. 3(c) to produce
the two color-coded histograms in Fig. 3(e). This analysis
reveals a small separation between the Pb- and Sn-rich regions.

Although the AFM loss tangent image in Fig. 3 shows
the expected contrast, the average value of ~0.3 is larger
than expected. At low frequencies (<10~> Hz), tand > 0.1
has been observed in 50-50 Pb-Sn. However, this value
decreases as the frequency increases, with tand < 4 x 1073
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FIG. 3. AFM loss tangent experiments on a two-component solder sample.
(a) Topography and (b) AM-FM mode frequency shift of the second mode
resonance, which is proportional to the relative stiffness of the tip-sample
interaction. The stiffness image shows bright Sn-rich and dark Pb-rich
regions. (c) Corresponding AFM loss tangent image with essentially no con-
trast between the two regions. (d) A binary stiffness map created from (b)
that was used to mask the loss tangent image in (c) and produce the two
color coded histograms in (e).

at 10° Hz,*® the approximate range of the tapping frequency
for the measurements described here.

IV. QUANTIFYING THE AFM LOSS TANGENT

In the rest of this paper, we explore error sources and lim-
its on AM-AFM loss tangent measurements. In part, this was
motivated by a common feature of the data shown in Figs.
1-3: while the relative contrast between materials was con-
sistent with expectations, the absolute values were systemati-
cally larger than expected. Specifically, we will explore the
issues listed below.

(1) Random errors—Thermal and other sorts of random
errors will set a minimum detectable threshold for the

J. Appl. Phys. 119, 134901 (2016)

AFM loss tangent, typically in the range of 10~2 This

random noise is typically dominated by Brownian motion

of the cantilever for our microscope in AM mode. If other
detector noise such as shot noise becomes significant, it
must be included as well.

(2) Systematic errors—These are mostly associated with choos-
ing the appropriate reference point for zero dissipation. We
have found it convenient to divide this into two
considerations:

(a) Correctly defining the cantilever reference parame-
ters. These include the resonance frequency, the qual-
ity factor, the free amplitude, and the phase offset
that describes ubiquitous instrumental phase shifts.

(b) Measuring the cantilever free amplitude and reso-
nant frequency at every pixel with use of a novel
interleaved scanning technique.

(3) Model deviations—The presence of forces other than linear
viscoelastic interactions between the tip and the sample.

To begin the discussion of noise, it is useful to map the
observables amplitude and phase onto the AFM loss tan-
gent. Figure 4(a) shows a contour plots of tan ¢ versus phase
¢ and relative amplitude o created with Eq. (2). In this fig-
ure, tan J is constant along a particular contour, even though
the amplitude and phase values continuously vary. The
lower boundary (black dotted line) in Fig. 4(a) represents
the case of zero dissipation, where the interaction between
the tip and the sample is perfectly elastic. This curve is
given by the zero-dissipation expression sin¢ = A/Agee
from Ref. 25. The phase values near this boundary are to be
expected when measuring relatively loss-free metals,
ceramics, and other materials with low losses and high
modulus. Any experimental phase and amplitude values
below this boundary represent a violation of energy conser-
vation and presumably indicate improper calibration of the
cantilever parameters.

Above the no-loss boundary in Fig. 4(a), the colored
lines represent the contours of constant loss tangent. At an
amplitude ratio o, increasing phase ¢ corresponds to increas-
ing loss tangent. As the value of tan J increases, the contours
approach the upper boundary of ¢ = 90°. This corresponds
to the case of all dissipation with no elastic storage, such as
expected for a purely viscous fluid. The remainder of Fig. 4,
showing the signal-to-noise ratio (SNR) for various amounts
of systematic and random noise on the observables, is dis-
cussed in Sec. V.

V. MEASUREMENT UNCERTAINTY

With standard error analysis, the random uncertainty in
AFM loss tangent imaging A, (tan d) associated with uncor-
related random uncertainty A, ¢, A, Q, A,«, and A,Q in ¢, Q,
o, and Q, respectively, is given by

2
O(tan o)

A, (tan 6) = 9

oQ

2 2
(8:9) + {M] (A9 + [M} (A 4+ |2

2

(AQ)%. 3)

oo 190
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case, that is, tan 6 = 0, for a lossless,
perfectly elastic material. Similarly,
the line at ¢ = 90° represents the case
for a perfectly lossy material with no
elastic component (for example, a vis-
cous liquid). (b)—(d) Contours of con-
stant  signal-to-noise ratio (SNR)
determined with different uncertainty
combinations, as shown in Table I and
discussed in the text. (¢) SNR curves

calculated from the error conditions
listed in Table I and extracted from the
data in (b) (blue), (c) (green), and (d)
(red) at a 50% setpoint ratio (¢« = 0.5).
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Similarly, the systematic uncertainty in AFM loss tangent and
imaging A;(tand) due to systematic uncertainty A;¢p, A,Q,
Ao, and AgQ is given for small uncertainty values by Atand)  «(Q* —1)(0Q — sin )

O(tan o)
WAsqb +
d(tan )

d(tan o)
+ o Agor + 20 AQ. 4)

O(tan o)

A,(tan ) = 50

AQ

For the case of both systematic and random uncertainty, the
total uncertainty is determined by

Aur(tan8) = /[A(tan o) + [A(an o). (5)

The separate derivatives in the above two equations for ran-
dom and systematic uncertainty can be evaluated as

O(tan 6) 1+ 2Q(Q? — 1)cos ¢ — aQsin ¢

;o (6
9¢ [ocQ(Q2 — 1) + cos (;’)]2
O(tan o) Qcosp + 0(Q> — 1)sin ¢
== 3 @)
o [20(Q% — 1) + cos ¢]
d(tan d) _ 2Q[o(Q* + 1) — 2Qsin $p] — acos p @)

0Q [20(©Q% — 1) + cos qb]z

= . )
90 [ocQ(Qz —1) + cos ¢]2

As a specific example comparing the relative weights of
the foregoing terms, we assume a cantilever similar to those
used in the experiments discussed below, the AC240 from
Olympus, with the following operating parameters: Q = 1,
o=0.5, 0 =150, and & = A/Agee. These conditions corre-
spond to operating on resonance with a setpoint ratio of 0.5
(i.e., AM mode amplitude is 50% of the free amplitude). The
value tan 6 = 0.1 is assumed, as expected for a polymer such
as high-density polyethylene. From Eq. (1), these values
yield a cantilever phase shift ¢ ~ 36° (refer to Fig. 4(a) to
see this graphically). With Egs. (6)—(9), the individual error

terms can be evaluated as 8“{;‘—25) = 0.019/0, W = —1.24,
% = —-20.7, and 6(?5()> = 0. In terms of systematic error,

typical values of uncertainty in amplitude, phase, and tuning
frequency are Ag;¢p = 0.3°, Ay = 1072, and AQ = 1073,
respectively, for the first mode in our experience.

These values yield a combined systematic error estimate
Ag(tan 6) = 0.026. This result is surprisingly large, given
that the viscoelastic loss tangent of many polymer materials
is of similar order or smaller. Of the three contributions, the
largest is from the uncertainty in tuning frequency A Q. If
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that is improved to A;Q = 1074, the AFM loss tangent uncer-
tainty is reduced to A,(tan J) = 0.016. This result implies that
careful identification of the cantilever resonance frequency is
important for quantitative estimation. While this level of tun-
ing uncertainty is not typical for AM-mode operation, it is
achievable. An informal survey of automatic tuning functions
on a variety of commercial AFM instruments yielded scatter
as large as 1 kHz and typically on the order of several hundred
hertz in the identification of the resonant frequency. In the
course of the investigations discussed here, we have improved
our tuning routine to bring the frequency uncertainty closer to
a few tens of hertz, A,Q < 10*, without adding significant
time to the procedure.

It is also useful to define the SNR to consider how it
affects the AFM loss tangent measurement

tan o
SNR = ——. 10
A(tan ) (10)

Typically, we would like SNR > 1 so that the signal is larger
than the uncertainty. For the example above with the AC240
Olympus cantilever and tan é = 0.1, this corresponds to tun-
ing the cantilever to within ~300—400 Hz of the 75 kHz reso-
nance. To better visualize the interdependence of the SNR
on the parameters discussed above, Figs. 4(b)—4(d) show the
curves of constant SNR as a function of relative amplitude o
and phase ¢. The SNR curves were determined by finding
the values of & and ¢ that simultaneously satisfy Egs. (2) and
(10) for a given value of SNR. The values in Table I below
for different elements of measurement uncertainty were used
in Egs. (3)—(5) to obtain the overall uncertainty A, (tano)
needed in Eq. (10). For this purpose, it is assumed that the
random phase error is dominated by thermal motion with
A;¢ = 0.5°. The overall uncertainty increases from the ther-
mal-noise-limited case in Fig. 4(a) to a case with both random
and systematic errors in Fig. 4(d). As the uncertainty
increases, the accessible region of (o, ¢) space for a given
SNR decreases significantly. The highest errors occur at the
boundaries of the physically meaningful phase and amplitude
values. Near the no-loss boundary, the uncertainty contribu-
tions are larger than the loss tangent value itself, as discussed
above. For large loss tangent values, note that the tangent
function diverges at 90°. Thus, small errors in phase or ampli-
tude can lead to enormous errors in the estimated loss tangent.

Figure 4(e) shows the SNR curves from the error con-
ditions listed in Table I and extracted from the data of
Figs. 4(b) (blue), 4(c) (green), and 4(d) (red) at a 50% set-
point ratio (¢ = 0.5). As noted in Table I, the blue curve

TABLE I. Error parameters for Figs. 4(b)—4(d). The values are used in each
image of Fig. 4 for the random (subscript ) and systematic (subscript s)
errors in relative frequency AQ and phase A¢. Other error sources are held
constant as follows: Ac, = Aay; = 0 and AQ, = AQ; = 0.

Figure and color AQ, AQ; Ap,(°) Apy(°)
4(a) 0 0 0 0
4(b), blue 0 0 0.5 0
4(c), green 1073 107 0.5 0
4(d), red 10°° 10°* 0.5 2
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shows the minimum-noise case limited by the fundamental
thermal physics of the cantilever, while the green and red
curves show the effects of increasing random and system-
atic noise. It is clear from the blue curve in Fig. 4(e) that
even in the most optimistic experimental case of the blue
curve, thermal noise still limits loss tangent measurements
to approximately 0.01 < tand < 5.

Figure 5 puts these SNR concepts into context for actual
materials. Figure 5(a) is a replotting of the SNR versus loss
tangent of Fig. 5(e), where we have swapped the vertical and
horizontal axes. The colored windows in Figure 5 correspond
to regions with SNR > 1 and are color-coded to the curves in
Fig. 4(e). Regions with SNR < 1 are indicated by the gray win-
dow. As discussed for Fig. 4(e), even the most optimistic error
estimate indicated by the blue window—Ilimited only by the
fundamental limit of cantilever thermal noise—still rules out
measurements for tan d < 0.01. Figure 5(b) shows the visco-
elastic loss tangent versus elastic modulus for a large range of
materials, adapted from Ref. 42. Note there is a general trend
that materials with lower elastic modulus tend to also have a
proportionally higher viscoelastic loss tangent. The room tem-
perature loss tangent and modulus of the materials imaged in
Fig. 1 (3) are indicated by the blue (red) circles. The polymers
of Fig. 1 are well separated and above the threshold of 0.01,
consistent with the high SNR values evident in Fig. 1.

From a historical perspective, it is interesting that Fig. 5
is remarkably consistent with the phase imaging literature.
While there are a plethora of examples of phase imaging of
polymers and rubbers (all typically with tan é = 0.01), there
are extremely few examples of phase contrast over higher
modulus materials where we would expect tan d < 0.01.

VI. OTHER CONTRIBUTIONS TO AFM LOSS TANGENT

As mentioned above, a number of conservative and dissipa-
tive interactions contribute to AFM loss tangent estimation in
addition to the linear viscoelastic interactions between the tip
and the sample. In fact, depending on the experimental parame-
ters and settings, the sample loss and storage moduli may con-
tribute only a small portion of the signal in the loss tangent
estimation. It is up to the experimentalist to operate the cantile-
ver so that the AFM instrument measures the loss tangent of in-
terest. For example, when imaging the mechanical loss tangent
of a polymer surface, it is important to operate in repulsive
mode, so that the cantilever interacts with the short-range repul-
sive forces controlled by the sample’s viscoelastic properties. In
this section, we consider some of these contributions, including
experimental factors such as air damping and surface hydration
layers, and material effects such as viscoelastic nonlinearity.

A. Air damping effects

Proper choice of the zero-dissipation point is critical for
proper calibration of the tip-sample dissipation. In particular,
squeeze film damping®”*® can have a strong effect on the
measured dissipation. Squeeze film damping causes the can-
tilever damping to increase as the body of the cantilever
moves closer to the sample surface. For rough or uneven
surfaces, this can mean that the cantilever body height
changes with respect to the average sample position enough
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FIG. 5. (a) Error contours that show the achievable signal to noise ratio in the measured AFM loss tangent for the different error estimates given in Table 1. (b)
Viscoelastic loss tangent versus elastic modulus for common materials, adapted from Ref. 42. The polymers present in the sample of Fig. 1 are circled in blue,

while the solder alloy in the sample of Fig. 3 is circled in red.

to cause crosstalk artifacts in the measured dissipation and
therefore the measured AFM loss tangent.

An example of air damping effects is shown in Fig. 6. The
sample was a silicon (Si) wafer patterned with a film of SU-8,
an epoxy resin commonly used for photolithography. The elas-
tic modulus of silicon is relatively high (~150-160 GPa), and
the viscoelastic loss tangent is very low (~107°).*® Because
SU-8 is a highly crosslinked polymer with a glass transition
temperature much higher than room temperature (>200°C),
its elastic modulus is ~2—4 GPa (Ref. 50), and its loss tangent
is ~0.01-0.05 at room temperature.”’ A cantilever of the type
described above (Olympus AC240) was used to acquire topog-
raphy and loss tangent images. As the topography image in

2um f """"""
SU-8 Epoxy
~1.5um E’' ~ 4GPa
su-s | i, i
Si
E’~ 150GPa ( b)

(a) K,

Vjree(SU-8)

VipeelSi)

(]

217

g, — su-8
18 — S

0 -1 -2 -3um
Z-Position

Fig. 6(a) shows, the SU-8 film was approximately 1.5 um
thick.

The AFM loss tangent image in Fig. 6(c) has a large over-
all value of ~0.3. Perhaps more troubling is that the AFM loss
tangent measured on the Si sample is larger than that meas-
ured on the SU-8: tan 6(Si) > tan 0(SU-8). As we will show
below, both of these issues are mitigated by considering
another source of energy dissipation: air squeeze film damp-
ing. Because the Si substrate is ~1.5 um lower than the SU-8
film, the cantilever body is much closer to the sample when
the tip is measuring the Si. The cantilever therefore experien-
ces greatly increased air damping, which is interpreted as
larger AFM loss tangent. In general, the magnitude of this

FIG. 6. Squeeze film damping effects in

“«Q AFM loss tangent imaging. (a)

028 Topography image of a Si wafer with a

patterned film of SU-8 epoxy and (b)

0.0 sample schematic in cross section. (c)

The corresponding AFM loss tangent

image surprisingly indicates that the

cantilever loss tangent is higher over the

Si wafer than over the relatively lossy

SU-8 polymer. (d) Dynamic force curve

measuring oscillation amplitude as a

03 function of z-piezo position over Si (red)

and SU-8 (black). (e) Corrected image

02Q acquired by the procedure described in

S the text, which recovers the expected
relative contrast in loss tangent.
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effect and its variation with (x,y) position depend on sample
geometry and cantilever orientation. Figure 6(d) shows that
the reference free air amplitudes for the cantilever are differ-
ent over the two regions, presumably due to the large differ-
ence in height between the two materials. As mentioned
above, these reference values are critical for correctly calcu-
lating the AFM loss tangent.

B. Two-pass imaging to correct for air damping

To correct for air damping effects in AFM loss tangent
measurements, we use the two-pass imaging technique
described schematically in Fig. 7. The first pass is the normal
AM imaging pass, indicated in blue in Fig. 7(a). This pass
operates as in conventional AM imaging, and the amplitude V
(or equivalently A) and the phase ¢ are measured at each (x,y)
pixel, while the cantilever taps the surface. The second pass is
a reference calibration pass, or “nap pass,” shown in red in
Fig. 7(a). (The term “nap pass” derives from the aviation
expression “nap-of-the-earth flight,” in which a plane makes a
contour-hugging flight at low altitude.) In the nap pass, the
cantilever is scanned at a preset relative height Az above the
surface. In principle, Az should be as small as possible for
accurate calibration. However, experimentally it may be diffi-
cult to scan at extremely low heights, and typically Az ~

2Wiree Nap pass T .......
f Az
2V Tapping pass
-

Sample surface

(a)

Tapping observables

V,¢p
Tuned parameters Nap pass observables

w, Q Viree) Wiree

N

w 14

— sing

Weree Vfree

0t - 25) - eoso
(b

FIG. 7. Concepts of two-pass technique for AFM loss tangent imaging. (a)
The normal amplitude modulation (AM) imaging pass is indicated in blue,
and the phase-locked loop (PLL) reference calibration pass is shown in red.
The reference position at each (x,y) pixel location is set by the relative
height Az. (b) The variables in the equation for AFM loss tangent tan ¢ color
coded to the appropriate steps in the calibration procedure: the initial cantile-
ver tune (green); the first, conventional AM pass (blue); and the second, nap
pass (red).

tan 6 =
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50-100nm in practice. The cantilever is operated during the
nap pass in a phase-locked loop (PLL) that keeps it at refer-
ence. During the nap pass, the free reference values of the fre-
quency s and the amplitude Viee Or Agee are measured at
each (x,y) pixel. The color-coded AFM loss tangent equation
in Fig. 7(b) explains how the two-pass procedure enables a
corrected calibration on a pixel-by-pixel basis. In addition to
the information obtained in two-pass imaging, the cantilever
drive frequency w and quality factor Q (green in Fig. 7(b))
are needed. These are measured in a separate cantilever tune
that is usually performed prior to imaging.

To demonstrate the two-pass imaging technique, we
applied it to the Si/SU-8 sample described above. Figure 6(e)
shows the resulting AFM loss tangent image corrected for air
damping effects. Unlike the single-pass results in Fig. 6(c),
the values in Fig. 6(e) display the expected contrast, namely,
tan 0(Si) < tan 5(SU-8).

C. Capillary effects

Although the two-pass correction approach recovers the
correct viscoelastic contrast trend, the overall average loss tan-
gent in Fig. 6(e) is still larger than expected for a Si or SiO,
surface, with tan 6(Si) & 0.1. In addition to the squeeze film
damping issues discussed above, this may originate from other
sources of surface damping, specifically the hydration layer.
This layer of adsorbed water can form on both the sample and
the tip under ambient conditions and depends on relative hu-
midity and surface chemistry. As a result, a capillary bridge is
formed and ruptured during each AM mode oscillation cycle,
providing another source of energy dissipation.’>” Like the
other dissipative terms discussed here, the effect of the water
layer is to increase the numerator in Eq. (1) and thus increase
the overall value of AFM loss tangent. The magnitude of this
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FIG. 8. Measured AFM loss tangent versus cantilever free amplitude Afe
for a PS-PP film with the AM setpoint maintained at Agee/2 (o = 0.5). The
inset images measured at each amplitude value are scaled the same as shown
by the color bar. The inset graph shows a typical time evolution of the loss
tangent measurement for the largest value of Age.. After the first image, the
estimation remains relatively constant.
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effect depends on a complex interplay of cantilever and water
layer parameters including tip radius, oscillation amplitude,
and surface energy. As such, it is not straightforward to quan-
tify the impact on loss tangent estimates, and further investi-
gation through both modeling and experiments is needed.

The experiments in Fig. 8 are a first step in understand-
ing these issues. The figure shows how the AFM loss tangent
estimate improves with cantilever oscillation amplitude on a
spin-coated film of PP and PS. In the imaging experiments, the
free amplitude Aqe. Was varied, while the setpoint ratio o =
A/Agee was held constant at 0.5. For each value of Afee, tWo
points are plotted that represent the average values of tand in
the PP and PS regions of the corresponding inset images. It
can be seen that as Age. increases from 70 nm to 290 nm, the
estimations of tan ¢ decrease and approach the range of values
expected for PS (~0.01-0.03) and PP(~0.04-0.07). As the
free amplitude increases, the tip spends more time interacting
with the viscoelastic contact forces. Thus, the relative contri-
bution of these forces to the AFM loss tangent increases, and
the AFM loss tangent estimate approaches the ideal limit. In
addition, the measurement uncertainty (indicated by the error
bars of one standard deviation) decreases dramatically.

D. Material effects: Nonlinear viscoelasticity and
plasticity

Finally, we briefly discuss two aspects of material behav-
ior that affect AFM loss tangent estimates. The first concerns
the material’s viscoelastic response. Implicit in our definition
and use of the AFM loss tangent expression is the assumption
that the sample measured with the indenting AFM tip can be
described as a linear viscoelastic material. In this limit, the
strains remain small and follow a linear stress-strain relation-
ship, so that an increase in stress increases the strain by the
same factor. However, the assumption of linear viscoelasticity
may not always hold. For instance, the chosen experimental
settings may apply sufficiently large stresses to cause a non-
linear material response. In such cases, AFM loss tangent
measurements will not accurately represent the viscoelastic
tand of the material. One test for nonlinear response or
improper experimental parameters is to measure the AFM
loss tangent as a function of indentation depth, because it
should not exhibit a depth dependence.*

Another consideration is the potential for plastic defor-
mation of the sample (or tip, in the case of hard samples). As
the extreme limit of nonlinear viscoelasticity, plastic defor-
mation of the sample represents irreversible work that will
appear in the numerator of the loss tangent estimation. Any
plastic work done by the tip on the surface, even if only in
the first tap, will be indistinguishable from sample dissipa-
tion (i.e., G”) and should thus contribute to an overestimation
of the AFM loss tangent. The complex theory of indentation-
induced plasticity in materials is strongly dependent on in-
denter shape and is beyond the scope of this work.>*>?
However, we can estimate the yield stress Y from its relation
to the force Fpjasic needed for plastic deformation™

(16n)* / R\ >
Fotasic = = z Y3, (11)

J. Appl. Phys. 119, 134901 (2016)

where R is the radius of curvature of the hemispherical in-
denter tip. E, is the reduced or effective modulus defined by

-2 1=
L=+ —% where E and v are Young’s modulus and

E. T E
Poisson’s ratio, respectively, and the subscripts ¢ and s indi-
cate the tip and sample, respectively. Approximate guidelines
for yield stress values in common materials are ~10 MPa for
elastomers (butyl rubbers, polyurethane, etc.), 50-100 MPa
for engineering polymers (polystyrene, polypropylene, etc.),
100-500 MPa for metallic alloys (Cu, Ni, Ti, etc.) and
>1 GPa for engineering ceramics (Al,O3, SizNy, etc.).??

We can use Eq. (11) to explore the relationship between
Young’s modulus and strength for a range of common materi-
als. Here, the term “strength” corresponds to yield strength
for metals and polymers, compressive crushing strength for
ceramics, tear strength for elastomers and tensile strength for
composites and woods.*” With R = 10nm and F plastic =
1pN, InN, and 1 uN in Eq. (11), we find that a significant
fraction of materials are expected to plastically yield for load-
ing forces between 1 and 10 nN, a range typical in AM-AFM
experiments. This illustrates the importance of using the
appropriate operating forces when performing experiments.

Furthermore, plastic deformation can lead to the forma-
tion of surface debris, which may also result in contamination
of the AFM tip. In this case, dissipation at the debris-sample
and debris-tip interfaces may provide additional contributions
to the AFM loss tangent measurement. It is therefore impor-
tant to understand and minimize contaminants on the surface.

Vil. CONCLUSION

Creating a reliable experimental technique from a theo-
retical concept requires careful evaluation of many measure-
ment issues. Here, we have considered several practical
factors for implementing AFM loss tangent imaging in AM
mode. By itself, phase contrast in AM mode is useful for dif-
ferentiating materials and resolving fine structural features.
However, by combining the phase and amplitude signals, the
AFM loss tangent interpretation of AM mode allows us to
view phase imaging in a new light and improves its outlook
for reliable, quantitative nanomechanical characterization.
Because it describes the entire cantilever and tip-sample
interaction, the AFM loss tangent expression provides an
upper limit to the actual viscoelastic loss tangent of the sam-
ple. It avoids error from absolute amplitude measurements,
but typical experimental conditions restrict applicability to
approximately tand > 0.01, even when uncertainty is lim-
ited only by thermal noise. Error due to air damping effects
can be corrected with a novel two-pass imaging approach
that calibrates the free air amplitude and frequency. Both
conservative interactions such as nonlinear viscoelasticity
and dissipative interactions such as chemical adhesion and
plasticity serve to increase the measured AFM loss tangent
value. Our results provide deeper insight into loss tangent
methods and show progress toward the goal of accurate
nanomechanical imaging with AFM.
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