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he chemical composition and me-

chanical properties of the near-

surface region of polymeric materi-
als play a crucial role for understanding
structure formation phenomena such as
surface segregation,’ wetting,? and surface
reconstructions,’ as well as adhesion* and
friction.> Amplitude modulation atomic
force microscopy (AM-AFM),%” also known
as tapping mode AFM, is a versatile and
widely used method for imaging polymeric
surfaces as well as other soft matter, includ-
ing biological cells.®? In AM-AFM, a cantile-
ver with a sharp tip is excited to oscillate at
(or near) its resonance frequency wy and
scanned along the surface of a specimen
while keeping the oscillation amplitude A
constant by adjusting the tip height using
a feedback loop. These height changes re-
flect the shape of the sample surface. The si-
multaneously detected phase shift be-
tween the excitation signal and tip
oscillation contains information about the
local mechanical properties of the speci-
men. Compared to atomic force microscopy
(AFM) in contact mode,'® AM-AFM mini-
mizes the lateral forces acting on the
sample; however, the indentation of the
tip into compliant specimens cannot be ne-
glected. For instance, on flat but mechani-
cally heterogeneous surfaces, the AM-AFM
feedback loop varies the height of the tip to
keep the amplitude A constant. Thus, the
height images do not necessarily represent
the true shape of the surface.! Further-
more, the phase images also include infor-
mation from a certain volume below the
surface due to tip indentation.?

In this article, we demonstrate a method
which takes advantage of finite tip indenta-
tion to reconstruct depth-resolved images
of material properties. The method is non-
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ABSTRACT Nondestructive depth-resolved imaging of ~20-nm-thick surface layers of soft polymeric materials

is demonstrated using amplitude modulation atomic force microscopy (AM-AFM). From a map of amplitude-phase-

distance curves, the tip indentation into the specimen is determined. This serves as a depth coordinate for

reconstructing cross sections and volume images of the specimen’s mechanical properties. Our method reveals

subsurface structures which are not discernible using conventional AM-AFM. Results for surfaces of a block

copolymer and a semicrystalline polymer are presented.

KEYWORDS: surface properties - depth profiling - block copolymers -
semicrystalline polymers - atomic force microscopy

destructive, offers subnanometer depth
resolution, and complements other AFM-
based volume imaging techniques that use
ablation,' ultrasonic excitation of the
sample,'*' or require certain assumptions
about the specimen.'® Our approach relies
on measurements of

amplitude—phase —distance (APD) curves,
where amplitude and phase are recorded as
the tip—sample distance d is decreased.
Knoll et al. used two-dimensional arrays of
APD curves to determine the location of the
true sample surface as given by the tip
height hy where attractive forces first cause
a phase change.'? From this point on, the
tip indentation Z can be determined by
comparing the damped amplitude on the
specimen with the damped amplitude on a
noncompliant stiff surface.>'” APD curves
have also been used to describe and iden-
tify tip—sample interaction processes, such
as energy dissipation,'®2° and different
contributions to the origins of phase con-
trast.?' By plotting the energy dissipated per
oscillation cycle Eg; as a function of the am-
plitude set point ratio A/A, (Where Ay is the
amplitude at a large tip—sample distance
d), Garcia et al." identified different dissipa-
tion processes corresponding to different
types of tip—sample interaction. Schréter
et al.?" introduced a simple model which
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Figure 1. (@) AM-AFM phase image of the surface of an SB film
(A/A, = 0.77). Bright (dark) areas correspond to PS (PB) micro-
domains below a PB top layer. The white line indicates the posi-
tions where A(d) and ¢(d) (shown in panels b and d, respectively)
have been measured. The solid line in panel b shows the expected
amplitude on a nondeformable surface. The curves are colored ac-
cording to position (PS domains, PB domains, transition regions)
as indicated in panel h. (d) Tip indentation Z(d), (e) Eqis(A/Ao),

(f) krs(d), and (g) aer/m(d) computed from APD data. (h) Schematic
tip indentation Z as a function of position x for A/A, ~ 0.5 and re-
gion classification scheme according to tip indentation.

separates the conservative and dissipative contribu-
tions to tip—sample interaction, permitting a better un-
derstanding of image contrast formation.

RESULTS AND DISCUSSION

Our subsurface imaging method combines informa-
tion about material properties, contrast formation in
phase images, and uses the tip indentation as a depth
coordinate. This is accomplished by measuring two-
dimensional arrays of APD curves, where each curve
contains information about the position of the true
sample surface and the tip indentation, as well as
depth-resolved information about the tip—sample in-
teraction. The data analysis is described in the Materi-
als and Methods section. We demonstrate this method
on two polymeric model systems exhibiting nm-scale
heterogeneities in the subsurface region. Both systems
provide good contrast in AM—AFM phase imaging due
to large differences in the mechanical properties of
their respective components.

The first system is a thin film of polystyrene-block-
polybutadiene (SB), which forms polystyrene (PS) cylin-
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ders embedded in a polybutadiene (PB) matrix*2?* (Fig-
ure 1a). We recorded 100 APD curves separated by 5
nm along the line perpendicular to the PS cylinders as
indicated in Figure 1a. In Figure 1b,c, the amplitude A
and phase ¢ are plotted as a function of tip—sample
distance d. Plotting the tip indentation Z versus d shows
identical slopes for all indentation curves up to d = 15
nm (Figure 1d). This point corresponds to an indenta-
tion of 10 nm, the depth where the tip first touches the
glassy (hard) PS cylinders, pushing through the compli-
ant (soft) PB matrix. This is in agreement with earlier re-
sults.'? In Figure 1e, the energy dissipated between the
AFM tip and the sample per oscillation cycle, Eqj, is plot-
ted as a function of the set point ratio A/A,. Notably,
all curves are congruent down to A/A, = 0.91. This re-
flects the presence of a 10-nm-thick top layer of PB. Eg;
curves recorded on PS domains exhibit significantly dif-
ferent shapes and lower maximum values than those
recorded on PB domains. We attribute the shape of the
PB curves to viscoelastic dissipation processes' and
note the plateau-like shape of the PS curves, similar to
those curves observed on crystalline regions of polypro-
pylene.?* Figure 1 panels f and g show the analysis of
the APD curves according to ref 21. Conservative and
dissipative contributions to the total tip—sample inter-
action force are expressed by an additional tip—sample
spring constant krs and the effective damping param-
eter aen/m. For kis as well as for A and ¢, the curves re-
corded on PS and PB domains can be clearly distin-
guished. They split as d decreases, whereas for d > Ay,
where tip—sample interactions are negligible, the
curves attain the same value. The set of aef/m curves
measured on PS domains can be identified by their
lower maximum values (Figure 1f). Otherwise, the aef/m
curves measured on different domains exhibit the same
shape. The quantities shown demonstrate a clear con-
trast between the two components of the SB film and
deliver quantitative information about the tip—sample
interaction.

We now combine the knowledge about tip inden-
tation Z for all tip—sample distances d (and the cor-
responding amplitude set points A/A,) with the
quantities describing the tip—sample interaction (¢,
Eqis, krs, and ae/m) to create a depth-resolved image
of the specimen. This requires no a priori informa-
tion about the sample. In Figure 2, we plot o, Eg;s, krs,
and ae/m as functions of lateral position x and
depth z beneath the sample surface. Since surface
roughness was not considerable, we set z = Z. The
resulting depth-resolved data shown in Figure 2 cor-
respond to cross sections through the SB film. Panel
a is a plot of ¢(x, z) containing data from all APD
curves, where the z axis has been stretched by a fac-
tor of 2.5. The black regions indicate areas where
the given depth (tip indentation) was not reached.
The phase shift shows periodic variations in the lo-
cal mechanical properties, corresponding to the
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regular spacing of PS cylinders. For detailed discus-
sion, we selected two cylinders and plotted the
aforementioned quantities on a magnified 1:1 scale
(Figure 2b—e). In panel b, the phase shift ¢(x, z) gives
a good impression of the general shape of the cylin-
ders’ surface, as expected from the AM-AFM phase
image, and shows a monotonous slope starting at z
= 5 nm. The white lines indicate the tip indentation
Z for the amplitude set points A/A; = 0.999, 0.95,
0.90 (light tapping), and 0.80 (moderate tapping).
These lines correspond to the lower tip inflection
point when imaging with conventional AM-AFM. The
phase values along one line would result in one
line of the AM-AFM phase image. For several com-
mon A/A, values, the tip inflection point visibly fol-
lows areas of nearly constant phase shift. This might
partially explain the often poor phase contrast ob-
served in AM-AFM imaging and its strong depen-
dency on the amplitude set point A/A,.% Eqgis(x, 2) is
plotted in panel c. Notably, most of the energy is dis-
sipated in the soft matrix at positions between the
PS cylinders at a depth of ~15 nm. Generally, Eg; at-
tains lower values above stiff objects, which leads
to weak but visible lateral contrast at depths of only
2—3 nm. The remaining two panels, d and e, show
kts(x, z) and ae/m(x, z). Both quantities exhibit al-
most constant values even for depths where ¢(x, 2)
has already notably increased. Furthermore, ks and
aef/m grow with almost infinite slope close to the re-
spective maximum tip indentation. Note that this
drastic increase could not be completely resolved

in panels d and e. To reconstruct a three-
dimensional image from depth-resolved data, we
use thresholding to obtain the isosurfaces of a given
quantity, which separate stiffer objects from the sur-
rounding matrix. Starting with the notion of circular
cylinder cross sections, ¢(x, z) reflects the general
shape but does not allow the location of the cylin-
der surfaces to be determined due to the continu-
ous increase of the phase signal for z > 5 nm. Eg is
also not suitable for this purpose, leaving krs(x, 2)
and ae/m(x, z). The cylinder surface is indicated by
a strong increase in the two parameters mentioned
above. In krs(x, z), slight shadows appear above the
cylinders. In aes/m(x, 2), the cylinders appear broad-
ened compared to kys(x, 2).

The second system is a thin film of elastomeric
polypropylene.? Its surface properties and volume
structure have been studied previously.2*?’ 3% We in-
vestigated a 250 X 250 nm? surface area by recording
50 X 50 APD curves with 5-nm separation. From these
data, we have reconstructed maps of kys as a function of
depth z and combined them into a volume image. In
Figure 3a, the ks isosurface is shown as yellow, enclos-
ing the crystalline (hard) regions of ePP, whereas the
amorphous (compliant) regions are shown as transpar-
ent. A cross section (x, z) along one lamella is presented
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Figure 2. ¢ plotted as a function of depth z and position x along
the white line shown in Figure 1a. (b—e) ¢(x, 2), Eqis(x, 2), krs(x, 2),
and ae/m(x, z) for the two indicated cylinders in 1:1 scaling. The
white lines in panel b show the tip indentation Z for different set
points A/A,.

in Figure 3b. Figure 3c shows a conventional AM-AFM
phase image of the area where the APD curves were
measured. In Figure 3d,e, the kys slices for three differ-
ent depths are presented. The gray scale has been
adapted to the respective minimum and maximum. In
contrast to the AM-AFM phase image, where only the
lateral extension of lamellae is discernible, Figure 3 pan-
els a and b show the detailed three-dimensional shape
of the lamella edges. The latter display height corruga-
tions of ~5 nm (in the z direction) and ~15-nm-large
blocks along the lamellag, supporting earlier findings
that crystalline lamellae are formed from grains of this
size.3! Furthermore, Figure 3b reveals the laterally het-
erogeneous thickness of the amorphous top layer as
claimed in previous works.?#32 This is corroborated by
Figure 3d, where no crystalline regions are visible at a
depth of z =1 nm. In contrast, more and more lamel-
lae appear at z = 5 and 15 nm (Figure 3 panels e and f,
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Figure 3. (a) Isosurface volume image reconstructed from normalized
krs maps representing the top 19 nm of the ePP specimen. (b) Cross
section through the volume image shown in panel a along one lamella
marked with a dotted line in panel c. (c) AM-AFM phase image of the
same spot (A/A, = 0.90). Crystalline lamellae appear bright, whereas
dark regions indicate amorphous material. The viewing direction of
the 3D volume image shown in panel a is indicated by a white arrow.
(d—f) Normalized ks maps for 1, 5 nm, and 15 nm depth, respectively.

respectively). At larger depths, the lamellae appear
broadened compared to those closer to the surface.
This can be explained by the influence of the conical
shape of the tip, which becomes greater with increas-
ing z.

MATERIALS AND METHODS

Sample Preparation. Polystyrene-block-polybutadiene was ob-
tained from Polymer Source, Inc,, Canada, with weight aver-
aged molecular weights My = 13.6 kg - mol ™', Mi2 = 33.7
kg - mol~" of the two blocks, and polydispersity M,./M, = 1.03.
A 60-nm-thick film was prepared by spin-casting onto a silicon
substrate from a 1 wt % solution in toluene, followed by anneal-
ing at 23 °C for 14 h in a nitrogen atmosphere with 70% partial
pressure of chloroform vapor. This procedure results in polysty-
rene cylinders, which are aligned parallel to the surface and em-
bedded in a polybutadiene matrix. Elastomeric polypropylene
(ePP) with M,, = 160 kg - mol~" and 36% crystallinity was synthe-
sized using a dual-side metallocene catalyst as described in ref
26. A 240-nm-thick film was prepared by drop casting a 0.6 wt %
decalin solution onto a silicon substrate. The sample was first
heated to 150 °C in air to melt the polymer and then kept at
100 °C in a nitrogen atmosphere for 18 h to allow for slow crys-
tallization. This leads to the formation of 15-nm-wide, crystalline
lamellae surrounded by amorphous ePP.

Atomic Force Microscopy. All AFM measurements were accom-
plished using NanoWizard | and Il devices (JPK Instruments AG,
Berlin, Germany) under ambient conditions with silicon cantile-
vers (Pointprobe NCH, NanoWorld AG, Neuchatel, Switzerland).
The cantilever parameters were as follows: quality factor Q =
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CONCLUSION

The method presented in this work allows ob-
jects located at the same depth which exhibit differ-
ent mechanical properties to be distinguished from
mechanically identical objects at different depths. In
a conventional AM-AFM phase image, both would
yield a similar signal. As a volume imaging tech-
nique, the lateral resolution is equal to that of AM-
AFM and is mainly determined by the radius and
shape of the tip. In contrast, the vertical resolution
is only limited by the accuracy of the amplitude de-
tection, which is ~0.5 nm in our case. Furthermore,
while measuring APD curves, no lateral forces act on
the sample and surface deformations due to tip in-
dentation are reversible in most cases. The shape of
hard objects embedded in a soft matrix can be re-
constructed. However, no information is obtained
from inside or below noncompliant objects. The
depth range is limited by the tip indentation, which
is primarily determined by the compliance of the
material. For a given sample, the tip indentation can
be increased by higher excitation amplitudes of the
cantilever or by decreasing the lower limit of the am-
plitude in APD measurements. However, to avoid de-
struction of the specimen, a trade-off must be found.

The presented approach turns the finite tip indenta-
tion during AM-AFM imaging on soft specimens into
an advantage. By analyzing maps of APD curves, we ob-
tain the true sample surface, tip indentation, and depth
resolved images of material properties in the subsur-
face region. This is achieved using standard AFM equip-
ment and it opens a broad range of new research op-
portunities in nanoscience and soft matter physics, as
well as biology, where the structure of the near surface
region is of particular interest.

420, resonance frequency w, = 248.904 kHz, and spring con-
stant k = 16.5 N/m (determined as in ref 33) for the measure-
ments on SB. The excitation frequency o = wo. For measure-
ments on ePP, Q = 435, wg = 287.939 kHz, k = 21.2 N/m, and
w = 287.795 kHz.

APD Curves. Amplitude A and phase ¢ were recorded point-
wise by decreasing the tip height h. This is technically similar to
the force volume technique, which is based on measuring static
forces as a function of distance.3*” 3 We measured APD curves at
points separated by 5 nm along a line (in the case of SB) or a
square grid (in the case of ePP).

Data Analysis. The APD curves have been analyzed according
to the methods described in refs 12, 21, and 19. The unper-
turbed (true) sample surface hy(x, y) is the position where attrac-
tive forces first cause a phase change when approaching the sur-
face by decreasing the AFM tip height h.'? The tip—sample
distance d is obtained by setting d = h — hy + Ao. For plotting
depth-resolved data, as shown in Figure 2, ho(x, y) measured from
successively acquired curves must be consistent, which is ham-
pered by thermal drift affecting the AFM components controlling
the tip height. Standard methods, such as linewise subtraction
of a best-fit first-order polynomial, are well-suited for correcting
these drift effects. The tip indentation Z = A(d) — d. In the case of
considerable surface corrugation, slices with constant tip inden-
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tation must be shifted by hy(x, y) to obtain a z coordinate with re-
spect to the lab reference frame. In the case of our samples, sur-
face roughness was not considerable (always <2.5 nm) and no
lateral features appeared;'>** therefore we set z = Z. The energy
dissipated between the AFM tip and the sample per oscillation
cycle is given by'®

Ey = —“—"A(Aosin ¢+ Awﬂ) (1)

Q 0

We use the phase convention of ref 21 where, in resonance,

¢ = —90°. Equation 1 has been adapted accordingly. Conserva-
tive and dissipative contributions to the total tip—sample inter-
action force are expressed by an additional tip—sample spring
constant ks and the effective damping parameter ae/m.?' The
former is given by

) Fo/m
ks = kg — k = m{0® + cos((p)T — k 2)

where m = k/w} is the vibrating mass and ke is the total effec-
tive spring constant. The effective damping parameter

sinto) Fo/
Oe/m = LS(‘E”—"’ 3)

The quantity Fo/m, where F, represents the amplitude of the ex-
citation force, is obtained by fitting the cantilever resonance
curve”

In the case of ePP, we investigated a 250 X 250 nm? surface
area by recording 50 X 50 APD curves with 5 nm separation.
From these data, we have reconstructed maps of ks as a func-
tion of depth z, ranging from 1 to 20 nm in steps of 0.5 nm, re-
sulting in 39 slices. To accentuate the lateral differences in ks, we
subtracted each slice’s background from the slice itself; the back-
ground was calculated by blurring with a 25-nm-wide Gaussian
filter. The resulting slices were then combined into an isosurface
volume image using Amira V4.0 (Mercury Computer Systems,
Inc.).
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