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Subsurface imaging of Au circuit structures embedded in poly(methyl methacrylate) (PMMA) thin films with a cover thickness

ranging from 52 to 653 nm was carried out by using contact resonance atomic force microscopy (CR-AFM). The mechanical differ-

ence of the embedded metal layer leads to an obvious CR-AFM frequency shift and therefore its unambiguous differentiation from

the polymer matrix. The contact stiffness contrast, determined from the tracked frequency images, was employed for quantitative

evaluation. The influence of various parameter settings and sample properties was systematically investigated by combining experi-

mental results with theoretical analysis from finite element simulations. The results show that imaging with a softer cantilever and a

lower eigenmode will improve the subsurface contrast. The experimental results and theoretical calculations provide a guide to op-

timizing parameter settings for the nondestructive diagnosis of flexible circuits. Defect detection of the embedded circuit pattern

was also carried out, which indicates the capability of imaging tiny subsurface structures smaller than 100 nm by using CR-AFM.

Introduction

With the rapid shrinkage of microelectronic devices, flexible
circuits are intensively used while being functionalized as
supercapacitors [1-4], heaters [5-8] and temperature sensors
[9-12]. Successful applications can be found in smart contact
lenses, transparent electronic devices and deformable elec-
tronic skin, for instance. In general, a flexible circuit consists of
a highly flexible thin polymer film as the substrate on which

conductive metal circuits are patterned. Another thin polymer

coating is employed to protect the circuits from contamination
and short circuiting. Such a sandwich structure permits the
device to bend and fold flexibly, yet with other advantages in-
cluding small volume, light weight, and so forth. However,
defects and fractures may emerge during either the fabrication
or with repeated usage. As a result, detecting buried structures
in the circuits with high spatial resolution is of critical impor-

tance. Traditional optical imaging is on the one hand not applic-
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able for opaque cover layers and on the other hand the resolu-
tion is quite limited. Cross-sectional approaches can provide
through-depth information, yet they are intrinsically destructive
and require complicated sample processing. To meet such chal-
lenges, noninvasive subsurface imaging based on scanning

probe microscopy (SPM) has emerged as a promising way.

Various SPM-based nanoscale subsurface imaging methods
have been proposed that rely on different detection mecha-
nisms including thermal, magnetic, electric, and mechanical
sensing. Among them, contact resonance atomic force micros-
copy (CR-AFM) demonstrates the unique advantages of easy
operation and no special requirements for the tip and sample. In
this method, the tip—sample contact is modulated with ultra-
sonic vibrations and the contact resonance of the AFM probe is
monitored while scanning in contact mode. CR-AFM was
started from the so-called atomic force acoustic microscopy
where the sample is ultrasonically excited at a specified fre-
quency and the amplitude and phase of the cantilever are re-
corded [13,14]. After that, the theoretical analysis of the cantile-
ver vibration with the tip contacting the sample surface was
intensively investigated, including the influence of tip position
on the cantilever, lateral forces and cantilever tilt [14-16]. Since
the contact resonance is sensitive to the sample’s local mechani-
cal properties, CR-AFM has been employed for characteriza-
tion of elastic and viscoelastic properties [17-20]. In addition,
mechanically heterogeneous structures in the contact volume
will alter the local contact stiffness and then the contact reso-
nance of the cantilever. Its usage in detecting buried structures
such as defects [21-25] and nanofillers [26-28] has thus gained
much attention. Although a few investigations have been
carried out using CR-AFM for subsurface imaging, its applica-
tion in defect diagnosis for flexible circuits has seldom been re-
ported. Intuitively, the presence of buried metal circuit patterns
in the tip-generated stress field will alter the local indentation
modulus. This consequently leads to frequency shifts of the
contact resonances. Therefore, CR-AFM is expected to also
possess the ability of nondestructively detecting the buried
circuit structures. Nevertheless, a systematic investigation on
the influences of various experimental parameters is still of crit-

ical importance to enable unambiguous subsurface imaging.

In this work, facing the demands and challenges mentioned
above, CR-AFM subsurface imaging was performed on a series
of multilayer flexible circuits. Model samples were employed
that consist of Au circuit patterns embedded in a poly(methyl
methacrylate) (PMMA) polymer matrix. The influence of some
key imaging factors was investigated including the applied
normal force, cantilever stiffness, vibration eigenmode, and the
elastic properties and thickness of each layer. The experimental

results were then interpreted with theoretical analysis consid-
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ering the dynamic model of the cantilever and the contact
mechanics between the tip and the multilayer sample. Finite el-
ement analysis (FEA) was also carried out for comparison.
Some qualitative clues were obtained for optimizing the
imaging contrast, which were experimentally proved. Finally,
imaging of structural defects in the buried circuit patterns was
exhibited. Our work shows that CR-AFM can be used to detect
embedded micrometer- and nanometer-scale circuits and their
defects, and quantitative analysis of contact stiffness contrast
can be achieved.

Methods

Sample preparation

We fabricated a set of samples having a PMMA-Au-PMMA
sandwich structure with a thick PMMA film as the bottom
layer, a patterned Au layer as the middle, functional circuit
layer, and a thin PMMA film as the top protection layer, as
schematically shown in Figure 1. The bottom layer was first
coated on a clean silicon substrate by spin casting 11 wt %
PMMA in anisole solvent at 1500 rpm for 5 min, resulting in a
thickness of approximately 3.5 um. Then, a 300 nm thick Au
film was sputtered on the PMMA substrate by using magnetron
sputtering. The Au film was subsequently patterned by focused
ion beam (FIB) milling (FEI, Helios NanoLab 650). In FIB pro-
cessing, the ion acceleration voltage and the beam current were
30 kV and 2.5 nA, respectively. The effective area of the circuit
pattern was 55 x 55 um. Finally, samples having different top
layer thicknesses were obtained by spinning a more diluted
PMMA solution (2-6%) with a speed ranging from 1000 to
6000 rpm. The resulting cover thicknesses were 52, 117, 185,
380, and 653 nm as measured by AFM. Furthermore, the top
surface was smoothed to eliminate the cross-talk of surface to-

pography in subsurface CR-AFM imaging.

(a) Laser (b)
Detector
Cantilever [PMMA Top layer
Ti
e 7
Sample 7
)

Figure 1: (a) Schematic illustration of CR-AFM imaging on the flexible
circuit sample. (b) An enlarged sectional view of the contact between
the AFM tip and the multilayer structure.

Our experiments were performed on an MFP-3D Origin AFM
(Asylum Research, Santa Barbara, CA) with the dual AC reso-
nance tracking (DART) module applied for CR-AFM subsur-
face imaging. Three types of cantilevers were used: ContAl-G

(BudgetSensors, Innovative Solutions Bulgaria Ltd., Bulgaria),
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PPP-FM (NanoSensors, NanoWorld AG, Switzerland) and
ASYELEC-01 (Oxford Instruments, Asylum Research, Santa
Barbara, CA). Their corresponding parameters are presented in
Table 1, where L, Lo, &, k¢, f1° and £,0 are the cantilever length,
the length from the tip position to the free end, the tip height,
the cantilever stiffness and the free resonance frequencies of the
first and the second eigenmodes, respectively. The cantilever
stiffness and the free resonance frequency were calibrated by
utilizing the thermal noise method while others were provided

by the respective manufacturers.

Multilayer contact model

The axisymmetric indentation of a tip contacting with a multi-
layered elastic half-space sample as illustrated in Figure 1b is
too complicated for a simple analytical solution. Many efforts
have been tried to solve this kind of contact problem. The con-
tact stiffness and the equivalent indentation modulus are usually
calculated via approximated approaches [29,30], empirical/
fitted formulas [31-33], and semi-analytical solutions [34-36].
These methods are constrained to cases such as a two-layer
system [32,37], or an infinite rigid substrate [30,38]. However,
the semi-analytical solutions proposed by Constantinescu et al.
[34] and Stan et al. [36] allow convenient modeling of the con-
tact mechanics for multilayers without the requirement of a
rigid substrate. In their approach, the stress and displacement
fields for each layer and the substrate are first expressed in
terms of harmonic Papkovich—Neuber potentials. Then, the
unknown functions in the potential formulas are determined
from the boundary conditions at the surface and at the interface
between adjacent layers. Perfect bonding and free sliding are
assumed for the layer-to-layer contact, which transmit displace-
ment and stress from one layer to the next. Considering a fric-
tionless contact between the rigid tip and the first layer and
combining with the interface boundary conditions, the principal
unknown function is acquired as the solution of a Fredholm
integral equation of the second kind. Finally, the contact radius
and the apparent contact modulus are calculated based on the
assumption that the surface traction vanishes at the edge of con-
tact zone. Here, the apparent contact modulus My, is defined as
the modulus supposing that the tip is infinitely rigid. More
detailed calculation procedures can be found in the references
[34,36]. A similar, quantitative analysis method has also been
employed by Stan et al. [39].

Table 1: Parameters of the experimental cantilevers.

L (pm) L2 (um) h (pm)
ContAl-G 450 15 17.0
PPP-FM 225 15 125
ASYELEC-01 240 16 14.0
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The circuit pattern in our experiments has a width of 2 um,
which is far larger than the contact radius. Therefore, the sam-
ple can be regarded as an elastic multilayer film with an infi-
nite lateral width. The method proposed by Constantinescu
et al. [34] is thus utilized to calculate the contact stiffness.
Because the probe tip has a modulus that is not infinite, we
modified the apparent contact stiffness My, to the effective

contact modulus Mg as,
2
M g :l/MappJ"(l_vtip)/Etip’ M

where Eyp, and vy are the Young’s modulus and the Poisson’s
ratio of the AFM tip, respectively. The normal contact stiffness,

kN, is evaluated as follows for a blunt conical tip [35],
1/2
ky = [(8MeffFN )/(ncotoc)} , 2

where F is the normal force and « is the half-cone angle of the
tip. It should be mentioned that Equation 2 was originally used
for a sharp conical tip. In calculating the indentation depth and
the contact radius, the tip radius is also taken into account for a
blunt conical tip [34,35].

In our calculations, a half-cone angle of 15° was determined for
the adopted probes, which was in accordance with the manufac-
turer’s specifications. The tip apex radius was averaged to be
approximately 50 nm according to scanning electron microsco-
py measurements on some of the probes after CR-AFM subsur-
face imaging experiments. The thicknesses of the bottom,
middle and top layers were approximated from practical AFM
measurements. Different layer materials were investigated in-
cluding PMMA, high-density polyethylene (HDPE), poly-
styrene (PS), polycarbonate (PC) and polyimide (PI) for the
bottom and top layers, and Au, Cu, Ti, Ag and Mg for the
middle layer. The mechanical parameters of these materials are
listed in Table 2. The Young’s modulus and Poisson’s ratio of

the silicon substrate are 160 GPa and 0.278, respectively.

Cantilever vibration model
The experimental contact stiffness was determined from the
tracked contact resonance frequency according to the well-

ko (N/m) £0 (Hz) £0 (Hz)
0.30 15414 97595

0.84 52127 319948
2.58 76106 492502
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Table 2: Mechanical parameters of different materials used in the theoretical analysis and FEA calculations.

Au Cu Ti Ag Mg
E/GPa 74 130 116 83 45
v 0.42 0.34 0.32 0.37 0.29

known Euler-Bernoulli cantilever vibration model [40,41]. In
this model, one end of the cantilever is clamped while the other
end with the tip is in contact with the sample. The tip position,
the cantilever tilt caused by mounting and the effect of lateral
forces are all considered [14-16]. The elastic interactions be-
tween the tip and the sample are modeled with contact stift-
nesses in the normal and lateral directions. The damping is
neglected because it does not have significant influence on the
resonance frequency. The contact stiffness is determined by
solving the equation,

3A(ky [k )(kn Jkc )+ By + By (ky [k ) +(C/3) (ke /kn ) =0, (3)

where

A=(h/L, )2 (1—cosA, Ly coshry Ly )(1+cosh, Ly coshd, Ly) (4)

B = sin? O‘OBI* - B; +cos” O.OB; 5)
B, = cos? ocOBl* + B; +sin? ocOB; (6)
C=2(rL )4 (1+cosi,Lcoshi L) ©)
with
[(1+cosh, Ly coshA,Ly) |
sinA, L, coshA,L;
+cosA,LysinhA Ly

B =(W/L) (k) ®)

(1-cosh,L; cosh Ly )
sinA, L, coshA, L,
+cosh,LysinhA L,

By = (L) (Mol )2 sin o) cos o
(1+coshy Ly coshh, Ly )sinhy Ly sinh Ly + | (9)
(1—coshyLycoshh Ly )sinA L, sinh A, L,

PMMA HDPE PS PC Pl
6.5 0.85 3.3 2.2 25
0.39 0.46 0.35 0.37 0.34

(1+cosh, Ly coshi, Ly )
(sink, L coshA, L; —cosA Ly sinh A L} )—
(1—cosi,Ljcoshh L)
(sin, L, cosh, Ly —cosh, Ly sinh A, Ly)

By =), L, (10)

n

Here, L{ = L — L, and AL is the normalized wave number of the
nth flexural resonance, which can be calculated from the con-
tact resonance frequency f,,¢ and the free resonance frequency
7.0 with the relation,

(ML) =(Aal) 1S/ 1.

In our analysis, a cantilever tilt angle, o, of 11° was used. The

amn

ratio of the lateral contact stiffness to the normal one kp /kn was
set to 0.86. Other parameters of the cantilever and the tip can be
found in Table 1.

Since different cantilevers and vibration eigenmodes are em-
ployed for subsurface imaging, direct comparisons of the
measured resonance frequency contrasts are not suitable. There-
fore, we would like to use the contact stiffness contrast to eval-
uate the imaging quality. A normalized contrast metric is
adopted as follows [27],

¢ = ket = koup ) /Kb x100%,, (12)

where k¢ and kg, are the evaluated contact stiffnesses when
the tip is positioned right above the circuit layer and on the

polymer medium, respectively.

In the followed analysis, a tip radius of 50 nm and a half-cone
angle of 15° are used unless otherwise noted. In fact, the tip
radius may vary, which affects the quantitative CR-AFM mea-
surements [42]. We have calculated the contact stiffness
contrast when the tip radius ranged from 6 to 121 nm. Such a
range covers the practical tip radius in experiments according to
scanning electron microscopy imaging. The results show that
deviations in the evaluated contact stiffness contrast are less
than 1% in this radius range even when a large normal force of
1000 nN is applied for the typical sample with a cover layer

thickness of 50 nm. Therefore, we can safely assume the tip
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radius of 50 nm without significant errors. Similar calculations
also demonstrated that the approximation of a sharp conical tip
to a blunt conical tip does not lead to large deviations in stift-
ness contrast evaluation, especially under a large indentation
depth.

Finite element analysis

The FEA method was additionally used to simulate the contact
between the tip and the multilayer flexible circuit. The struc-
tural model was the same as that in the analytical calculations.
Since the model is axisymmetric, we used the two-dimensional
FEA simulations for simplicity. The width of the sample was
set to 2 um and the thickness of the silicon substrate was
10 pm. Mesh refinement was applied near the tip—sample con-
tact area. The FEA computations were performed by using the
commercial Ansys software. The PLANE183-type element was
utilized to model the tip and sample. The TARGE169 and the
CONTAI172 elements were adopted to handle the surface-to-
surface contact. The adjacent layers were perfectly bonded.
Contact force was applied on the tip and the bottom of the Si
substrate was fixed. Because the contact stiffness is the deriva-
tive of loading force to elastic deformation, we used the
following approximation [43],

AF,_|Ad; |Ad;_,
k(F)=0F Jod, =| 17 /7% Ad:+Ad. ).
( l) t/ i {+AF}Ad,-_1/Ale/( it 1—1) (13)

Here, AF; is the difference of the applied forces between load
steps i + 1 and i, and Ad, is the difference of the corresponding
sample deformations at the position of the tip apex. The contact
stiffness on the polymer substrate was solved by utilizing the
same model, but with the middle layer material changed to
PMMA. The mechanical properties of the materials in FEA
calculations can be found in Table 2.

15 nm|
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Results and Discussion

Subsurface imaging

The flexible circuit sample with a 52 nm thick top layer was
first imaged by CR-AFM to ascertain its subsurface imaging
capability. The PPP-FM probe was used with an applied normal
force of approximately 74 nN and the first contact resonance
frequency was tracked. The obtained topography and resonance
frequency images are shown in Figure 2a and Figure 2b, respec-
tively. We can clearly discern the circuit pattern from the reso-
nance frequency image, which cannot be found in the topogra-
phy. This verifies the CR-AFM’s capability in detecting subsur-
face circuit structures. In Figure 2c, we show the histogram of
the resonance frequency image (Figure 2b), which demon-
strates two peaks at 275.60 = 0.10 and 275.92 + 0.08 kHz. They
correspond to the measured resonance frequency on the
polymer matrix and above the embedded Au layer, respectively.
The resonance frequency shift can be unambiguously
distinguished. The contact stiffnesses were evaluated to be
151.4 £ 0.5 N/m above the circuit and 149.6 £ 0.5 N/m
on the polymer substrate, resulting in a contrast metric of
1.20 £ 0.67% according to Equation 12.

Influence of experimental parameters

In order to optimize the imaging setup for better subsurface
contrast, we investigated the effects of some major experimen-
tal parameters, including the normal force, cantilever stiffness

and vibration eigenmode.

Normal force

We first performed subsurface imaging on the sample with a
52 nm thick top layer under different normal forces. The PPP-
FM cantilever was adopted and the normal forces were applied
in a range from 132 to 818 nN. Figure 3a—e exhibits the first
contact resonance frequency images under the normal forces of
132, 303, 360, 589 and 646 nN, respectively. Intuitively, a
larger imaging contrast is observed with increasing normal

276.3 kHz 2500

2000
2160 2450
2758 31000
275.6 500
275.4

275.6 276
Frequency (kHz)

(c)

2751

Figure 2: Subsurface imaging of the flexible circuit sample with a top layer thickness of 52 nm measured via the CR-AFM method. (a) Topography.
(b) The first contact resonance frequency. (c) Histogram of the resonance frequency image. The results were obtained by using the PPP-FM probe

under a normal force of 74 nN.
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Figure 3: Influence of the applied force on CR-AFM subsurface imaging of the flexible circuit sample with a 52 nm thick top layer. (a—e) The first con-
tact resonance frequency images at the applied force of 132, 303, 360, 589, and 646 nN, respectively, using the PPP-FM cantilever. (f) The obtained
contact stiffness contrast as a function of normal force from the experiments, theoretical calculations and FEA simulations.

force. Among the different subsurface images, a slight decrease
in the resonance frequency appears occasionally, which is in
contradiction with the general knowledge that a larger force in-
duces a larger contact resonance frequency. Such a phenome-
non may be induced by the errors in resonance frequency
tracking by using the DART mode, especially when certain
oscillation nonlinearity, spurious frequency peaks and large
noise are presented in the contact resonance spectra. However,
the frequency decrease with increasing normal force is general-
ly not so significant, and the contrast between areas with and
without subsurface structure in the same image remain reliable.
More quantitatively, the evaluated stiffness contrasts together
with the results of the theoretical and FEA calculations are
shown in Figure 3f. The experimental, theoretical and FEA
results agree well with each other on the general trends. All of
them demonstrate that a larger force induces a larger stiffness
contrast and the rate of contrast increase slows down along with
the force increment. The deviations between the experimental
results and the theoretical calculations are suggested to be
caused by the simplified assumptions in the models and the
errors of model parameters, including tip shape, mechanical pa-
rameters and boundary conditions. The theoretical and FEA
computations are in close accordance, especially in the small
force range. Discrepancies gradually appear with further
increase in the normal force, which is possibly induced by the

approximations in the theoretical calculations.

Cantilever stiffness

The frequency sensitivity of contact resonance to local mechan-
ical properties also depends on the cantilever stiffness. We used
three types of cantilevers for subsurface imaging whose spring
constants were 0.30, 0.84 and 2.58 N/m, respectively. Other pa-
rameters are listed in Table 1. Figure 4a—c shows the resonance
frequency images of using the three cantilevers under close
normal forces of approximately 221, 189 and 237 nN. The ex-
periments were performed on the flexible circuit sample with a
52 nm thick top layer. A quantitative comparison of the contact
stiffness contrast is presented in Figure 4d. We can find that the
contrast acquired by the cantilever with the stiffness of
0.30 N/m is the largest, while the one with the stiffness of
2.58 N/m is the smallest. This result indicates that using a softer
cantilever is generally better to achieve a higher subsurface
contrast for the flexible circuit sample under nearly the same
experimental conditions. Although the contrast with a softer
cantilever is much better, the imaging noise is also higher as
shown in Figure 4d. In practice, choosing an optimal cantilever
stiffness can be achieved through analysing the cantilever dy-
namics, which is able to establish the quantitative dependence
of the resonance frequency sensitivity on the contact stiffness.

Cantilever oscillation eigenmode

The employed cantilever oscillation mode is another important

factor in CR-AFM imaging. We applied the first two eigen-
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Figure 4: Influence of cantilever stiffness on CR-AFM subsurface imaging of the flexible circuit sample with a 52 nm thick top layer. (a—c) The first
contact resonance frequency images of three cantilevers having stiffness of 0.30, 0.84 and 2.58 N/m, respectively. The applied normal forces were
approximately 221, 189 and 237 nN. (d) Evaluated contact stiffness contrasts for the three probes under various normal forces.

modes of the PPP-FM cantilever to scan the flexible circuit tive contact stiffness contrast is demonstrated in Figure Sc
sample with a top layer thickness of 52 nm. The results are ~ where different normal forces have been used. From all the ex-
shown in Figure 5a,b with the same normal force of approxi- periments, much better stiffness contrasts and larger uncertain-
mately 818 nN. A more quantitative comparison of the respec- ties can be found for the first eigenmode. Owing to the relative-

258.7 kHz 728.0 kHz
258.0 7970
257.0 726.0
256.0 725.0
254.6 723.6
12[—=—T1steigenmode = -
—e— 2nd eigenmode A l
—~ er 1/[’]/ ] | 24 //,w’/ ] H H
(=] I {
B H I e
© 4 /1/ ] 1,12 L '{{mﬂ L ) 2.58N/mmmn;%ee1
/% H e 0.30N/m mode2
j—i—.——l—l——l—!——f_i_i © 6 T * " " 7/0.84N/m mode2
(0] 3 ) ) ) ) ] 0 = = " . n 2.58N/m mode2
0 200 400 600 800 1000 200 400 600 800 1000

(c)  Normal force (nN) (d) Normal force (nN)

Figure 5: The influence of cantilever oscillation eigenmode on CR-AFM subsurface imaging of a flexible circuit sample with a top layer thickness of
52 nm. (a,b) Tracked resonance frequency images of the first and the second eigenmodes of the PPP-FM probe under a normal force of 818 nN.

(c) Experimental contact stiffness contrast of the first two eigenmodes under various normal forces. (d) Stiffness contrast when using different cantile-
vers and different eigenmodes.
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ly soft materials employed in the flexible circuits, a softer canti-
lever stiffness gives better sensitivity as can be seen from
previous discussions for the cantilever stiffness effects.
Vibrating at the second mode has a significantly larger effec-
tive spring constant than the fundamental one. This leads to
reduced contrast. In Figure 5d, all the experimental results of
different eigenmodes and cantilevers are summarized. It is clear
that the first eigenmode of a softer cantilever can improve the
detected contact stiffness contrast and thus benefit subsurface
imaging of the flexible circuits. On the contrary, a larger effec-
tive probe stiffness using either a stiffer cantilever or the second
eigenmode produces a small stiffness contrast.

Influence of sample properties

In addition to the experimental parameters, we also investigat-
ed the influence of different sample properties on subsurface
imaging. Factors including the material parameters and the
thickness of each layer were mainly considered.

Cover film thickness

CR-AFM imaging of subsurface flexible circuits was carried
out on samples with top layer thicknesses of 52, 117, 185, 380
and 653 nm, respectively. The acquired frequency images are
shown in Figure 6a—e. Here, the first eigenmode of the PPP-FM
cantilever was used with similar applied forces of 415, 376,
427, 441 and 400 nN, respectively. For the thinnest top layer,
the buried Au layer can be clearly distinguished from the back-
ground, as shown in Figure 6a. However, with the increase of
the cover thickness to 653 nm, the circuit pattern fades out

280.8 kHz |-

280.0
279.5
279.0

277.8
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gradually, indicating a decreased contact stiffness contrast. In
Figure 6f, we show the experimental and theoretical contact
stiffness contrasts for the buried Au layers under different cover
thicknesses and loading forces. In general, a larger force and a
lower cover thickness results in a higher stiffness contrast. The
experimental contrasts are lower than the theoretical ones, yet
their general trends agree considerably well. Moreover, for a
specified cover film thickness, the contact stiffness contrast
plateaus when applying large loading forces. Occasionally, a
larger frequency is observed for a thicker cover layer under
similar experimental conditions. This may be induced by the
resonance frequency tracking errors in DART operation mode
and also the thermal drift.

Other sample properties

In addition to the cover layer thickness, the influence of other
sample properties, including the material properties and the
thickness of each layer, was investigated via systematic theoret-
ical analysis. To do this, a blunt conical tip with a half-cone
angle of 15° and a tip radius of 50 nm was used to indent the
multilayered sample. First, the effects of the middle and bottom
layer thicknesses were studied on the PMMA-Au-PMMA
structures by setting them as independent variables while calcu-
lating the contact stiffness contrast. Here, a cover layer thick-
ness of 50 nm and a normal force of 100 nN were selected. The
resulting contact stiffness contrast is shown in Figure 7a as a
function of the middle layer and bottom layer thicknesses.
Cross-section profiles of Figure 7a at a middle layer thickness
of 300 nm and a bottom layer thickness of 3500 nm are

277.3 kHz 276.5 kHz
277.0 2762
276.8 276.0
276.6

275.8
276.2 275.5

281.0 kHz
280.8

280.6

280.4
280.2

279.8

282.3 kHz

282.0

281.8

Figure 6: Influence of cover thickness on CR-AFM subsurface imaging of the circuit sample. (a—e) Frequency images of samples with the cover layer
thicknesses of 52, 117, 185, 380 and 653 nm, respectively. The images were acquired by using the first eigenmode of the PPP-FM cantilever. The
applied forces were 415, 376, 427, 441 and 400 nN, respectively. (f) Contact stiffness contrasts under different cover thicknesses and applied forces.
The scatter plots denote the experimental results and the mesh surface is constructed from theoretical calculations.
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Figure 7: Influence of thickness and material properties of each layer on subsurface imaging of the circuit pattern. (a) Theoretical stiffness contrasts
for different middle layer and bottom layer thicknesses. The theoretical calculations were made on the PMMA-Au—PMMA structures with a top layer
thickness of 50 nm under a normal force of 100 nN. (b,c) Cross-section profiles at the middle layer thickness of 300 nm and the bottom layer thick-
ness of 3500 nm, respectively. (d—f) Calculated contact stiffness contrasts when different materials are used for the top, middle and bottom layers.
The thicknesses are 50, 300 and 3500 nm for the top, middle and bottom layers, respectively.

presented in Figure 7b and Figure 7c, respectively. It is obvious
that a thicker bottom layer induces a better imaging contrast and
the contrast plateaus at a higher thickness. Such a behaviour is
due to the influence of the Si substrate. When the bottom layer
becomes thicker, the substrate effect is less significant. For the
middle layer thickness, there is an inflection point at approxi-
mately 300 nm. The contact stiffness contrast first drastically
increases with increasing middle layer thickness and then
decreases slightly after the inflection point is reached, which is
also relevant with the substrate effect.

Second, the influence of the mechanical properties of each layer
was additionally investigated. Polymers including PMMA,
HDPE, PS, PC and PI were used for the top and bottom layers,
while the metallic materials Au, Cu, Ti, Ag and Mg were used
for the circuits. The Young’s modulus and Poisson’s ratio of the
considered materials are listed in Table 2. The thicknesses were
50, 300 and 3500 nm for the top, middle and bottom layers, re-
spectively. The calculated contact stiffness contrasts are shown
in Figure 7d—f. Among these materials, copper is frequently
used to fabricate flexible circuits and PI is often serves as the
substrate material in industrial productions. From the results, it
can be concluded that for the layer thicknesses in our experi-
ments, a stiffer cover layer and a softer bottom layer can enable

much easier subsurface sensing of the flexible circuits via

CR-AFM, and the middle layer material does not have much in-
fluence.

Optimization of CR-AFM subsurface imaging

Based on the systematic investigation of the main variables, a
contrast optimization for subsurface imaging of the circuit
patterns is expected. Typical demonstrations are presented in
Figure 8a and Figure 8b, which are CR-AFM frequency images
for a specific flexible circuit sample before and after optimiza-
tion, respectively. The corresponding frequency histograms are
demonstrated in Figure 8c and Figure 8d. The experiments were
carried out on the sample with a top layer thickness of 78 nm.
Figure 8a was acquired by using the second eigenmode of an
ASYELEC-01 cantilever, which has a stiffness of 2.58 N/m. A
normal force of 398 nN was applied in scanning. These imaging
parameter settings were somewhat arbitrarily selected. It can be
found that the embedded Au pattern is observable but with a
quite low contrast. According to the previous investigations, a
softer cantilever and a lower eigenmode could enhance the
detected stiffness contrast. Therefore, we changed to the softer
ContAl-G cantilever with the stiffness of approximately
0.30 N/m and employed its first mode. In addition, the normal
force was increased to 613 nN. A typical CR-AFM frequency
image is shown in Figure 8b. A significant contrast improve-

ment is observed for the subsurface circuit pattern. This can be
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Figure 8: Optimization of CR-AFM subsurface imaging on a flexible
circuit sample. (a,b) CR-AFM frequency images obtained before and
after optimization, respectively. (c,d) Corresponding histograms of the
images shown in (a) and (b). All the measurements were performed on
the flexible circuit sample with a top layer thickness of 78 nm. For (a),
the second mode of an ASYELEC-01 cantilever was used with an
applied normal force of 398 nN. The image in (b) was obtained with the
first mode of a ContAl-G probe under a tip-generated load of 613 nN.

clearly seen from the histograms in Figure 8c,d. Quantitative
evaluations show that the stiffness contrast increases from
0.2 £ 0.2% to 13.8 £ 5.0% after optimization. Generally, the op-
timization can be achieved by setting the variables so that the
system provides the best sensitivity according to the dispersion
curve. The cantilever dynamics analysis and the tip—sample
contact mechanics model can provide the dispersion relation be-
tween contact resonance frequency and contact stiffness, and

Beilstein J. Nanotechnol. 2019, 10, 1636—1647.

the relationship between contact stiffness and local mechanical
properties, respectively [16,44]. The former one provides the
optimization guide on parameter selections and the latter one
relates the specifications of the sample properties [34-36]. The
theoretical analyses together with the systematic experimental
results demonstrated in this work can provide a general guide
for proper selection of the experimental settings.

Defect detection

To further demonstrate the capability of CR-AFM for imaging
tiny subsurface defects in the embedded circuit pattern, we
carried out CR-AFM imaging experiments on a specimen which
contains well-defined defects with different dimensions. Those
defects were represented by artificially introduced grooves with
widths of 2, 1.8, 1.6, 1.4, 1.2, 1, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2
and 0.1 um, respectively. A schematic illustration is sketched in
Figure 9a. A sample with a cover layer thickness of approxi-
mately 358 nm was fabricated containing such defects. Then,
the sample was scanned with the PPP-FM cantilever by using
its first mode under an applied normal force of 1162 nN. The
obtained topography and the resonance frequency image are
shown in Figure 9b and Figure 9c, respectively. Even the
smallest defects can be clearly observed from the CR-AFM fre-
quency image. This indicates a spatial resolution of far better
than 100 nm for CR-AFM subsurface imaging on such a sam-
ple. In fact, the subsurface lateral resolution should be closely
related to several parameters and working conditions, such as
contact radius, cover thickness and many others [22,45-47].
Certainly, the resolution could be far better than 100 nm.

Conclusion

The subsurface imaging capability of CR-AFM on flexible
circuits was demonstrated both experimentally and theoretical-
ly. The effects of various experimental parameters were investi-
gated systematically. Our results show that a larger applied
force can help to achieve a better contact stiffness contrast.

289 kHz
288
287
286

284

Figure 9: Subsurface imaging of defects in the buried circuit pattern using CR-AFM. (a) Schematic illustration of the introduced defects in the middle
layer pattern. (b) Topography. (c) The first mode resonance frequency of a sample with a top layer thickness of 358 nm. A PPP-FM probe was used

with an applied normal force of 1162 nN.
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Choosing a softer cantilever as well as using the first flexural
resonance mode can also enhance the subsurface imaging on
such specimens. Theoretical and FEA calculations by model-
ling the tip indentation on a multilayer sample agree well with
the experimental results. The semi-analytical contact mechanics
analysis, combined with a proper cantilever dynamics model, is
proved to be convenient for guiding the experimental parame-
ter optimization. Furthermore, detection of defects in the em-
bedded circuit pattern was carried out by using CR-AFM,
which indicates its excellent capability of imaging tiny defects
smaller than 100 nm. These investigations demonstrate a nonde-
structive yet high spatial resolution CR-AFM method for
systematic, in situ and ex situ diagnosis of flexible circuits.

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (No. 51675504) and the Anhui Major Scien-
tific Instruments Development Project (No. 1704c0402198).
We acknowledge the USTC Center for Micro- and Nanoscale
Research and Fabrication for technical support in fabricating

the flexible circuit samples.

ORCID® iDs

Yuhang Chen - https://orcid.org/0000-0002-4275-5458

References

1. Shakir, |.; Ali, Z.; Bae, J.; Park, J.; Kang, D. J. Nanoscale 2014, 6,
4125-4130. doi:10.1039/c3nr06820j

2. Liu,L.;Ye, D.; Yu, Y.;Liu, L;; Wu, Y. Carbon 2017, 111, 121-127.
doi:10.1016/j.carbon.2016.09.037

3. Shakir, |.; Shahid, M.; Cherevko, S.; Chung, C.-H.; Kang, D. J.
Electrochim. Acta 2011, 58, 76-80.
doi:10.1016/j.electacta.2011.08.076

4. Kurra, N.; Hota, M. K.; Alshareef, H. N. Nano Energy 2015, 13,
500-508. doi:10.1016/j.nanoen.2015.03.018

5. Cheong, H.-G.; Song, D.-W.; Park, J.-W. Microelectron. Eng. 2015,
146, 11-18. doi:10.1016/j.mee.2015.02.029

6. Khan, U.; Kim, T.-H.; Lee, K. H.; Lee, J.-H.; Yoon, H.-J.; Bhatia, R.;
Sameera, |.; Seung, W.; Ryu, H.; Falconi, C.; Kim, S.-W. Nano Energy
2015, 17, 356-365. doi:10.1016/j.nanoen.2015.09.007

7. Xu, T.; Miao, J.; Li, H.; Wang, Z. Nanotechnology 2009, 20, 295303.
doi:10.1088/0957-4484/20/29/295303

8. Yu, S.; Wang, S.; Lu, M.; Zuo, L. Sens. Actuators, A 2017, 257, 58—64.
doi:10.1016/j.sna.2017.02.006

9. Liu, G.; Tan, Q.; Kou, H.; Zhang, L.; Wang, J.; Lv, W.; Dong, H.;
Xiong, J. Sensors 2018, 18, 1400. doi:10.3390/s18051400

10.Lee, C.-Y.; Chiang, Y.-C.; Weng, F.-B.; Li, S.-C.; Wu, P.-H.; Yueh, H.-I.

Renewable Energy 2017, 108, 126—131.

doi:10.1016/j.renene.2017.02.015

.Sahatiya, P.; Puttapati, S. K.; Srikanth, V. V. S. S.; Badhulika, S.

Flexible Printed Electron. 2016, 1, 025006.

doi:10.1088/2058-8585/1/2/025006

12.Lee, C.-Y.; Chuang, S.-M.; Lee, S.-J.; Hung, |.-M.; Hsieh, C.-T.;
Chang, Y.-M.; Huang, Y.-P. Sens. Actuators, A 2015, 232, 214-222.
doi:10.1016/j.sna.2015.06.004

1

—_

Beilstein J. Nanotechnol. 2019, 10, 1636—1647.

13.Rabe, U.; Arnold, W. Ann. Phys. (Berlin, Ger.) 1994, 506, 589-598.
doi:10.1002/andp.19945060704

14.Rabe, U.; Janser, K.; Arnold, W. Rev. Sci. Instrum. 1996, 67,
3281-3293. doi:10.1063/1.1147409

15.Mazeran, P.-E.; Loubet, J.-L. Tribol. Lett. 1999, 7, 199-212.
doi:10.1023/a:1019142025011

16. Rabe, U. Atomic Force Acoustic Microscopy. In Applied Scanning
Probe Methods; Bhushan, B.; Fuchs, H., Eds.; Springer: Berlin,
Germany, 2006; Vol. 2, pp 37-90. doi:10.1007/3-540-27453-7_2

17.Passeri, D.; Reggente, M.; Rossi, M.; Nunziante Cesaro, S.;
Guglielmotti, V.; Vlassak, J. J.; de Francesco, A. M.; Scarpelli, R.;
Hatipoglu, M.; Ajo, D. Eur. J. Mineral. 2016, 28, 273-283.
doi:10.1127/ejm/2016/0028-2520

18.Wagner, R.; Moon, R. J.; Raman, A. Cellulose 2016, 23, 1031-1041.
doi:10.1007/s10570-016-0883-4

19. Marinello, F.; Pezzuolo, A.; Carmignato, S.; Savio, E.; Chiffre, L. D.;
Sartori, L.; Cavalli, R. AIP Conf. Proc. 2015, 1667, 020009.
doi:10.1063/1.4922565

20. Natali, M.; Passeri, D.; Reggente, M.; Tamburri, E.; Terranova, M. L.;
Rossi, M. AIP Conf. Proc. 2016, 1749, 020008. doi:10.1063/1.4954491

21. Tsuji, T.; Yamanaka, K. Nanotechnology 2001, 12, 301-307.
doi:10.1088/0957-4484/12/3/318

22. Parlak, Z.; Levent Degertekin, F. J. Appl. Phys. 2008, 103, 114910.
doi:10.1063/1.2936881

23.Ma, C.; Chen, Y.; Arnold, W.; Chu, J. J. Appl. Phys. 2017, 121,
154301. doi:10.1063/1.4981537

24.Wang, T.; Ma, C.; Hu, W.; Chen, Y.; Chu, J. Microsc. Res. Tech. 2017,
80, 66—74. doi:10.1002/jemt.22668

25. Piras, D.; Sadeghian, H. J. Phys. D: Appl. Phys. 2017, 50, 235601.
doi:10.1088/1361-6463/aa7024

26.Cadena, M. J.; Chen, Y.; Reifenberger, R. G.; Raman, A.
Appl. Phys. Lett. 2017, 110, 123108. doi:10.1063/1.4977837

27.Killgore, J. P.; Kelly, J. Y.; Stafford, C. M.; Fasolka, M. J.; Hurley, D. C.
Nanotechnology 2011, 22, 175706.
doi:10.1088/0957-4484/22/17/175706

28.Kimura, K.; Kobayashi, K.; Matsushige, K.; Yamada, H.
Ultramicroscopy 2013, 133, 41-49. doi:10.1016/j.ultramic.2013.04.003

29. Dimitriadis, E. K.; Horkay, F.; Maresca, J.; Kachar, B.; Chadwick, R. S.
Biophys. J. 2002, 82, 2798-2810. doi:10.1016/s0006-3495(02)75620-8

30. Fabrikant, V. |. ZAMP 2006, 57, 464—490.
doi:10.1007/s00033-005-0041-6

31.Schwarzer, N. J. Tribol. 2000, 122, 672—-681. doi:10.1115/1.1310330

32.Batog, G. S.; Baturin, A. S.; Bormashov, V. S.; Sheshin, E. P.
Tech. Phys. 2006, 51, 1084—1089. doi:10.1134/s1063784206080196

33. Yoffe, E. H. Philos. Mag. Lett. 1998, 77, 69-78.
doi:10.1080/095008398178624

34. Constantinescu, A.; Korsunsky, A. M.; Pison, O.; Oueslati, A.
Int. J. Solids Struct. 2013, 50, 2798-2807.
doi:10.1016/j.ijsolstr.2013.04.017

35. Korsunsky, A. M.; Constantinescu, A. Thin Solid Films 2009, 517,
4835-4844. doi:10.1016/j.tsf.2009.03.018

36. Stan, G.; Adams, G. G. Int. J. Solids Struct. 2016, 87, 1-10.
doi:10.1016/j.ijsolstr.2016.02.043

37.Perriot, A.; Barthel, E. J. Mater. Res. 2004, 19, 600-608.
doi:10.1557/jmr.2004.19.2.600

38.Doerner, M. F.; Nix, W. D. J. Mater. Res. 1986, 1, 601-609.
doi:10.1557/jmr.1986.0601

39.Stan, G.; Mays, E.; Yoo, H. J.; King, S. W. Nanotechnology 2016, 27,
485706. doi:10.1088/0957-4484/27/48/485706

1646


https://orcid.org/0000-0002-4275-5458
https://doi.org/10.1039%2Fc3nr06820j
https://doi.org/10.1016%2Fj.carbon.2016.09.037
https://doi.org/10.1016%2Fj.electacta.2011.08.076
https://doi.org/10.1016%2Fj.nanoen.2015.03.018
https://doi.org/10.1016%2Fj.mee.2015.02.029
https://doi.org/10.1016%2Fj.nanoen.2015.09.007
https://doi.org/10.1088%2F0957-4484%2F20%2F29%2F295303
https://doi.org/10.1016%2Fj.sna.2017.02.006
https://doi.org/10.3390%2Fs18051400
https://doi.org/10.1016%2Fj.renene.2017.02.015
https://doi.org/10.1088%2F2058-8585%2F1%2F2%2F025006
https://doi.org/10.1016%2Fj.sna.2015.06.004
https://doi.org/10.1002%2Fandp.19945060704
https://doi.org/10.1063%2F1.1147409
https://doi.org/10.1023%2Fa%3A1019142025011
https://doi.org/10.1007%2F3-540-27453-7_2
https://doi.org/10.1127%2Fejm%2F2016%2F0028-2520
https://doi.org/10.1007%2Fs10570-016-0883-4
https://doi.org/10.1063%2F1.4922565
https://doi.org/10.1063%2F1.4954491
https://doi.org/10.1088%2F0957-4484%2F12%2F3%2F318
https://doi.org/10.1063%2F1.2936881
https://doi.org/10.1063%2F1.4981537
https://doi.org/10.1002%2Fjemt.22668
https://doi.org/10.1088%2F1361-6463%2Faa7024
https://doi.org/10.1063%2F1.4977837
https://doi.org/10.1088%2F0957-4484%2F22%2F17%2F175706
https://doi.org/10.1016%2Fj.ultramic.2013.04.003
https://doi.org/10.1016%2Fs0006-3495%2802%2975620-8
https://doi.org/10.1007%2Fs00033-005-0041-6
https://doi.org/10.1115%2F1.1310330
https://doi.org/10.1134%2Fs1063784206080196
https://doi.org/10.1080%2F095008398178624
https://doi.org/10.1016%2Fj.ijsolstr.2013.04.017
https://doi.org/10.1016%2Fj.tsf.2009.03.018
https://doi.org/10.1016%2Fj.ijsolstr.2016.02.043
https://doi.org/10.1557%2Fjmr.2004.19.2.600
https://doi.org/10.1557%2Fjmr.1986.0601
https://doi.org/10.1088%2F0957-4484%2F27%2F48%2F485706

40.Hurley, D. C.; Turner, J. A. J. Appl. Phys. 2007, 102, 033509.
doi:10.1063/1.2767387

41.Ma, C.; Chen, Y.; Chen, J.; Chu, J. Appl. Phys. Express 2016, 9,
116601. doi:10.7567/apex.9.116601

42. Kopycinska-Mller, M.; Geiss, R. H.; Hurley, D. C. Ultramicroscopy
2006, 706, 466—474. doi:10.1016/j.ultramic.2005.12.006

43. Sharahi, H. J.; Shekhawat, G.; Dravid, V.; Park, S.; Egberts, P.; Kim, S.

Nanoscale 2017, 9, 2330—2339. doi:10.1039/c6nr09124e

44.Stan, G.; King, S. W.; Cook, R. F. Nanotechnology 2012, 23, 215703.
doi:10.1088/0957-4484/23/21/215703

45.Guzman, H. V.; Garcia, R. Beilstein J. Nanotechnol. 2013, 4, 852—-859.
doi:10.3762/bjnano.4.96

46.Vilhena, J. G.; Pimentel, C.; Pedraz, P.; Luo, F.; Serena, P. A.;
Pina, C. M.; Gnecco, E.; Pérez, R. ACS Nano 2016, 10, 4288—4293.
doi:10.1021/acsnano.5b07825

47. Steiner, P.; Roth, R.; Gnecco, E.; Glatzel, T.; Baratoff, A.; Meyer, E.
Nanotechnology 2009, 20, 495701.
doi:10.1088/0957-4484/20/49/495701

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.10.159

Beilstein J. Nanotechnol. 2019, 10, 1636—1647.

1647


https://doi.org/10.1063%2F1.2767387
https://doi.org/10.7567%2Fapex.9.116601
https://doi.org/10.1016%2Fj.ultramic.2005.12.006
https://doi.org/10.1039%2Fc6nr09124e
https://doi.org/10.1088%2F0957-4484%2F23%2F21%2F215703
https://doi.org/10.3762%2Fbjnano.4.96
https://doi.org/10.1021%2Facsnano.5b07825
https://doi.org/10.1088%2F0957-4484%2F20%2F49%2F495701
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.159

	Abstract
	Introduction
	Methods
	Sample preparation
	Multilayer contact model
	Cantilever vibration model
	Finite element analysis

	Results and Discussion
	Subsurface imaging
	Influence of experimental parameters
	Normal force
	Cantilever stiffness
	Cantilever oscillation eigenmode

	Influence of sample properties
	Cover film thickness
	Other sample properties
	Optimization of CR-AFM subsurface imaging
	Defect detection


	Conclusion
	Acknowledgements
	ORCID iDs
	References

