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Abstract

There are two main ways to investigate mechanical properties
by atomic force microscopy (AFM): force curve measuring and
tapping-mode phase mapping. This paper provides an over-
view of these techniques with special regards to the determina-
tion of Young's modulus from force curves and the calculation
of tip-sample energy dissipation from phase maps.

Besides, both methods were used to study the mechanical prop-
erties of amorphous chalcogenide thin film samples. As,,Se,,
thin film was prepared by thermal evaporation on a glass sub-
strate and a He-Ne laser (633 nm) was used to prepare a holo-
graphic grating on the thin film.

The obtained results showed significant difference in the
Young's modulus between the peaks and the valleys and con-
trast was also observed on the dissipation map which can be
connected to the variation of mechanical properties in accord-
ance with the grating.
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1 Introduction

Atomic Force Microscopy (AFM) is a versatile tool for stud-
ying surfaces at the nanoscale level. Since its invention — 1986
by Binnig at al. [1] — the number of the possible applications
of the AFM has increased significantly beyond the classical
topography mapping. Nowadays, it is also used for nanofab-
rication (or nanolithography) [2, 3], the investigation of the
physical and mechanical properties of the sample, and the
identification of material variations. The aim of this paper is to
present two methods for the determination of surface mechani-
cal properties, and illustrate these methods through measure-
ments on chalcogenide thin film gratings. Young’s modulus
can be obtained from the contact-mode point-spectroscopy
curve, which in general is called the force-curve. This gives
information about the tip-sample interaction at a single point
of the surface, thus, describing the variation of material prop-
erties at an area with this technique is very time-consuming.
Recent improvements in AFM instrumentation (e. g. Bruker’s
Force Peak QNM") aim to provide elastic information about the
surface for a whole scanned area at high resolution and with
a scanning speed similar to topography mapping scan-rate. In
general these novel techniques require special equipment.

However other material properties of the whole area of the
sample can be investigated with a basic AFM by using the
tapping-mode phase map. At tapping-mode the force between
the tip and the sample cannot be studied directly, but the aver-
age energy dissipation can be calculated based on the model
of Cleveland at al. [4]. Anczykowski et al. [5] have developed
complementary equipment for microscopes, which allows the
direct mapping of energy dissipation.

Young’s modulus and energy dissipation determination
methods were used on illuminated As, Se,, chalcogenide thin
films. It is known that illumination of the amorphous chalcoge-
nide thin films with bandgap light can lead to significant opti-
cal and structural transformations, which can be used to create
for example holographic gratings on the films. Although these
photo-induced changes are studied in great detail [6], there is
little information concerning the elastic/hardness properties of
the illuminated material. We hope that through the application
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of these two methods we can describe the mechanical proper-
ties of the illuminated chalcogenide films.

2 Determination of Young’s modulus
2.1 Analysis of the force-distance curve

Contact-mode point-spectroscopy is an AFM technique to
characterize the tip-sample interaction force versus the tip-
sample distance, while the tip moves down and up at one point.
The information contained by these force curves can refer to
several material properties such as Young’s modulus, adhesion,
deformation and dissipation. However, it can be difficult to
gain accurate quantities.

The total force between the tip and the sample may con-
sist of several components, such as adhesion force, short-range
chemical force (which can be described by Lennard-Jones
potential), electrostatic and magnetic forces.
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Fig. 1 Typical force-distance curve, where the apostrophe around the
“Dissipation” denote that the whole striped area is not necessarily only the
work of the dissipation, some parts can be derived from adhesion work

Figure 1 presents a typical force-distance curve. At the
beginning of the point-spectroscopy the tip is far from the sur-
face (see point A on Fig. 1) and there is negligible or no inter-
action between them. As the probe moves towards the surface,
it gets in the field of the attractive forces like van der Waals,
electrostatic or capillary forces. At some tip-sample distance
the attractive forces overcome the cantilever stiffness and the
tip jumps into contact with the surface. Then the tip stays on
the surface and as the loading force increases on the probe, the
cantilever deflection also increases and the sample is pressed.
The probe then starts to withdraw to its initial position. Dur-
ing the unloading process the force decreases and reaches a
point when the tip “jumps off”” from surface. The force which
belongs to this point can be identified as an adhesion force
between the tip and the surface.

If there is no plastic deformation produced by the press-
ing of the tip the hysteresis between the repulsive parts of the
loading- unloading curve almost disappears, only the adhesion
term appears. Thus the area above the retracting curve and
under the zero force line (see Fig. 1) can be referred to as the
work of adhesion [7].

In case of a plastic deformation — which is the most com-
mon occurrence — the area of the hysteresis loop is related to

the dissipation but it is difficult to separate it from the effect
of the adhesion.

We can evaluate the maximum sample deformation which
consists both the plastic and the elastic deformation. It can be
determined as the distance between the point B on Fig. 1 —
where the loading force has a maximum — and the point where
the tip first reaches the surface (jump-to-contact point).

At the repulsive region the bend of the approaching and
withdrawing curves testify that the tip has indented the sam-
ple. Several models were published which describe the contact
mechanics such as Hertz [8], JRK (Johnson-Roberts-Kendall
model) [9] or DMT (Derjaguin-Muller-Toporov model) [10].
At first approximation, the surface forces are negligible so we
applied the model introduced by Hertz and modified by Sned-
don [11,12] and we used it for the approaching curve.

2.2 Determination method of Young’s modulus

As we mentioned above, the contact-mode force-distance
curves carries information about the elastic properties of the
sample.

However, in practice, the AFM does not measure the direct
force or distance of the tip-sample. Furthermore, depending on
the measuring equipments in general, one end of the cantilever
is fixed and the sample holder can be moved by a piezo crystal.
The raw data obtained from the contact-mode point-spectros-
copy are the (absolute) deflection of the cantilever (d(z)) and
the piezo position of the sample (z) while the tip approaches
and leaves the surface. To calculate the force and tip-sample
distance, the deflection (D(z)) which is relative to the force-free
cantilever deflection (in A point at Fig. 1) and the piezo move-
ment (Z) are needed. It means that there are the offsets (z,, d,),
that must be subtracted from the measured data; we will discuss
later how to establish these.

It can be assumed that the cantilever is linearly elastic with
the & spring constant, thus the deflection (D(z)) can be con-
verted to the corresponding force (F) using Hook’s law:

F=k-D(z) (1)

The distance (A) between the tip and the surface can be writ-
ten as a difference of the piezo movement and the deflection:

A=Z-D(z) )

To determine Young’s modulus, we assume that from the
point when the tip reaches the surface the sample deformation
is elastic. Increasing the loading force exerted by the cantile-
ver, the material deformation will be irreversible and our model
will become invalid.

Choosing the correct spring constant of the probe with regards
to the material of the sample is essential to determine the Young’s
modulus. Using a cantilever with too large or too small elasticity,
at the repulsive part (see Fig. 1) the bend of the force curve would
not appear, instead, only a straight line would be seen.
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To gain the elastic modulus from the measured approaching
curves, we employed the Hertzian model modified by Sned-
don. It describes the elastic indentation of a soft sample by a
stiff cone [11, 12]. This model relates the applied force (F) to
the indentation depth (J) through Young’s modulus (F). Since
the cantilever spring is linear for a small deflection, the Hook’s
law provides the connection between the cantilever deflection
(D(z)) and the applied loading force of the indentation:

:2Etan(a)
n(l—vz)

where v is the Poisson ratio and a is the half opening angle of
the tip.
On an infinitely stiff sample the piezo movement is equal to

kD 5’ (3)

the cantilever deflection D(z), while on a soft sample the lat-
ter decreases by the indentation depth J. Since the microscope
measures the absolute piezo position and cantilever deflection
data (z and d(z)), for the calculations the offsets z, and d, have
to be defined. Thus the indentation ¢ is given by the following
equation:

5=(z-z2)—-(d-d,)=Z-D 4)

The z, which is commonly called contact point (CP), is the
vertical position of the piezo where the probe first makes con-
tact with the sample. Identifying CP is critical for precise fitting.
Despite several papers were published on this issue, currently
there is no widely-accepted default method for its determina-
tion. The simplest way to define CP is the visual assessment,
although, the problem with this method is, that it can be time
consuming, subjective and relatively hard to reproduce. The
difficulty to algorithmically find the point where the deflection
begins to increase depends on the shape of the force curve, which
is defined by the interaction between the tip and the surface.

In the case of most biological samples the attractive part of
this curve is missing, instead, the first part of the curve is straight.
In this case the definition of the CP could be problematic even
though several studies presented algorithms for this [13-15].

When the attractive part of the force curve appears (see
Fig. 1) the determination of the CP point is less complicated
according to our measurements. In this case we can assume
that the minimum of the force curve is equivalent to the CP
point. Because the force curve is obtained by applying Eq. (1)
and (2) on the raw data, the CP point is the minimum of the
absolute deflection (d(z)) versus piezo position (z) curve too.
So we shifted the origin of the raw data curve to the minimum
(thus the d, is determined too, but there may be some bias from
the free cantilever deflection) and we assumed that the model
described by Eq. (3) can be applied from this point. However, it
is possible that the minimum is not a point, but a line segment.
Because of this and because of the more accurate fitting we
allow a little deflexion from the minimum point in the z, piezo

position, and it is considered in the fitting equation through a
new c parameter, thus the new form of the deflection is:

§=(Z-c)-D 5
Substituting Eq. (5) in (3) and rearranging it gives:
k(1-v?)n
Z=c+D+ u\/ﬁ (6)

2E tan(a)

Based on this model two parameters can be obtained by fit-
ting this equation on the Z-D data, which are ¢ and the A-factor
as defined by Eq. (7).

i k(l—vz)ﬂ o
2E tan(a)

From this Young’s modulus can be expressed as Eq. (8):

E_/c(l—v2)7rA_2 ¢
a 2tan(a) ®

Figure 2 shows a typical deflection signal-piezo movement
data with the fitted curve.
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Fig. 2 Contact mode point-spectroscopy data (dotted line) shifted to the CP
point and fitted curve (solid line) based on Eq. (6)

3 Tip-surface energy dissipation

Since in tapping-mode AFM the tip-sample interaction
causes phase lag in the measured tapping signal of the cantile-
ver compared to the drive, thus the phase-lag can characterize
the material properties.

There are two common ways to investigate the connection
between the phase-lag and the tip-surface interaction: through
forces or energy.

From the viewpoint of force, in the most simplified case the
tapping cantilever can be modelled as a one dimensional linear
spring-mass system [16-18]. The equation of motion is a forced
oscillation completed with a non-linear term which describes
the tip-sample force. The most generally used terms are the van
der Waals force modified according to the most common AFM
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geometries (see Table 3 in [19]) through the Hamaker constant.
To solve this non-linear differential equation is generally com-
plicated and numerical computations are needed.

To investigate material variations Cleveland et al. introduced a
more efficient and practical method [4] based on the energy dissi-
pation between the tip and the sample. The vantage of this model
is that we do not need to make a priori prediction for the interac-
tion force. The only assumption is that the steady-state response
of the cantilever is nearly sinusoidal which is verified by their
experiments. The model is based on the analysis of the energy
flow in and out of the dynamic system per a cycle of tip motion.
In equilibrium the average power fed into the cantilever by an
external drive (<P, >) must be converted to the average power
dissipated by the motion of the cantilever beam in the medium
(generally air) (<P >) and by the tip-sample interaction (<P >):

(B)=(R)+(P,) ©)

what we are interested in is the tip-surface dissipation <P >
and it can be expressed from Eq. (9), since the external excita-
tion is known and the beam damping can be well modelled by
viscous damping [5]. In order to calculate it we apply that the
cantilever base position follows the external drive motion:

z,(t)= 4, cos(wr) (10)

where  is the angular frequency of the excitation and 4, is the
drive amplitude. Furthermore we exploit the assumption that the
motion of the tip at the end of the cantilever is sinusoidal too:

(11)

where A is the amplitude of the cantilever and ¢ is the phase

z(t)=Acos(wt +¢)

lag compared to the drive. Using Hook’s law the instantaneous
power which can be delivered to the cantilever by the drive is
the following:

P (1)=Fi ()2, (1) =k[2(1) =2, (1) ]2 (1) (1)

where £ is the spring constant of the cantilever.
Thus the average power input per oscillating cycle can be
obtained by integrating over one period:

2l
<Pm>:2.|. a (t)dt:%ka)AdAsin(p (13)
0

2r

Since the dissipation by the motion can be described as a
viscous damping characterized by the f damping constant, the
instantaneous power will be the following:

P =F(1)z(r)= Bz(¢)’ (14)
Integrating over a cycle the average power yields:
2
_o _Llgpo 15
<Po>—ZIPo(f)d’—5/3Aw (15)

Regularly during the tapping-mode AFM measurements
the driven angular frequency is chosen near to the resonant
angular frequency of the free cantilever which is close to the
natural angular frequency:

(16)

Wy =,|—

m

where the m is the mass of the cantilever. For this reason we can

express the f damping coefficient and the 4, free oscillation
amplitude in experimentally accessible quantities:

k
= 1
P Ow, ()
A= 04, (19)

where Q is the quality factor. O and w,can be determined from
the measured free-cantilever resonance curve.

Using the above reductions and substituting Eq. (16) and
Eq. (17) in Eq. (13) and Eq. (15), we gain a useful correlation:

_lkAza)O A o
<P'S>_2—Q [Asm(p 1}

Far from the surface the only effect that causes the dissipa-

(19)

tion is the viscous damping thus <P, > = 0. In this case Eq. (19)
yields sinp = 4 /A . Furthermore this is a free oscillation in the
air at o~ angular frequency hence A~4,. The consequence of
the model is that ¢ equals 90° far from the sample where there
is no energy loss. The domain of the ¢ phase-lag is between 0°
and 180° and any deviation from the 90° indicates the presence
of the tip-sample dissipation.

Rearranging Eq. (19) to express sing, <P > and 4 are the
only variables on the right side:

s

ka, A’
During tapping-mode imaging 4 is kept constant so any

sing = (20)

alteration in the sinus of the phase-lag is due to the probe-sam-
ple dissipation. Thus contrast in the sinus of the phase map
correlates to the contrast of the dissipation map presumably
indicating the material property variations.

In order to apply this model to the phase map a preliminary
tapping-mode point-spectroscopy measurement is needed to
determine 4, and the amount of the phase-lag which belongs to
the free oscillation and to make it equal to 90°.

4 Materials and Methods
4.1 AFM measurements

Atomic force microscope measurements were done with a
Veeco (lately Bruker) dilnnova type microscope in full con-
tact- and tapping-mode with 512x512 sampling rate and 1 Hz
scan rate. The PID values were optimized according to the user
manual. We used Budget Sensors TAP 150A1-G probes for both
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contact- and tapping-mode point-spectroscopy and tapping-
mode imaging. The nominal properties of the probes were the
following: cantilever spring constant (k) 5 N/m, resonance fre-
quency (w,) 135 kHz, half cone angle (a) 20°, quality factor
(Q.,,) 157. (Note that the actual values were obtained before
every measurement during the tuning of the cantilever). For
data evaluation the freeware Gwyddion 2.27 software was used.

4.2 Sample preparation

As, Se,, chalcogenide thin films were prepared by thermal
evaporation (TE) onto a glass substrate at 5x10-® mbar pressure.
The composition of the samples was measured with energy dis-
persive X-ray spectroscopy (EDAX) using a Hitachi S-4300
system. The thickness of the samples was measured by an
Ambios XP-1 profilemeter.

Holographic gratings were recorded by using two p-polar-
ized and one additional s-polarized laser beams as this configu-
ration has the most significant effect in chalcogenides [20]. For
this purpose a He-Ne laser (633 nm) was used.

5 Results and Discussions
5.1 Determination of Young’s modulus

Contact-mode point-spectroscopy measurements were done
on the As, Se, chalcogenide thin films to investigate its elastic
properties. Figures 3 and 4 present the reference surface (prior
to any illumination) and also the gratings caused by the illu-
mination. Due to the smoothness of the reference area, it was
scanned with 10 pm x 10 pm scan-size, while the gratings was
scanned on a 50 um x 50 um area, as the periodicity of the
grating is around 9.5 pm.

The force curves were obtained along the peaks and the val-
ley bottoms in a row (in the x lateral dimension) by using the
automatic position system of the scanner. The precise posi-
tioning of the AFM tip is essential, since the contact between
the tip and the surface — the angle of incidence and the effec-
tive contact surface area — can greatly affect the force meas-
urements. We consider the variation of contact, besides other
effects, as a contributing factor to the deviation of the meas-
urements. These other factors could be the possible contami-
nations on the surface and the irregularity of the gratings like
the unequal depths of the valleys (see Fig 4 (C)).

Figure 5 A) represents the measured deflection-distance curves
at 10 peaks and 10 valleys points, which were shifted to their CP
points. Despite the deviation of the curves the difference between
the peaks and valleys seems to be significant. Figure 5 B) shows
the A-factors resulting from the fittings of aforementioned curves.
Assuming that the distributions of the A-factors of the peaks and
valleys can be approximated by the normal distributions, we used
Welch’s t-test to examine their relation. It confirmed that there is a
significant difference between the fitted parameters of peaks and
of valleys at a significance level (p) of 0.01.
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Fig. 3 A) Tapping-mode topography AFM image on the reference area of the
chalcogenide thin film; B) is its 3D representation and C) is the corresponding

cross-section at marker 1.

Fig. 4 A) Tapping-mode topography of the illuminated area; B) illustrates the

gratings in 3D; C) is the corresponding cross-section at marker 2.
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Fig. 6 Relative Young’s modulus values calculated from the A-factors
of Fig. 1. The relative values are compared to the mean of the reference
area (which is 100 %). The number of averaged measurements are
16, 10 and 10 for the reference, peaks and valleys, respectively

To determine Young’s modulus (£) from the fitted A-fac-
tor the precise knowledge or determination of the cantile-
ver parameters are required. For our cantilevers the nominal
spring constant (k) is 5 N/m, but regarding the datasheet of the
supplier the variation is between 1.5 N/m and 15 N/m. Since
we do not have a method to precisely determine the force con-
stant of the cantilevers we refrain from calculating absolute
modulus values. Instead, in Fig. 6 we present relative modulus
values compared to the reference, which was measured on the
chalcogenide surface, far from the illuminated area. It can be
seen, that the average Young’s modulus of the valleys is nearly
the third of the peaks, which is close to the reference area. This
means that the valleys are softer than the peaks, which can
be explained by the photostructural transformations during the
fabrication of the grating. Upon illumination, the structural
deformation of the surface is caused by lateral mass transfer
from the dark to the illuminated areas [21, 22]. The accumu-
lation of the material in the peaks and, in the same time, the
lack of the material in the valleys may cause local density and
hardness increase/decrease along the surface.

5.2 Tip-surface energy dissipation

To be able to calculate the dissipation map of the surface
tapping-mode point-spectroscopy measurements were done.
From these curves it was possible to determine the phase-lag
and 4, as we discussed in the theory section. Figure 7 presents
the amplitude and phase signals obtained at the reference area
of the As, Se,, chalcogenide thin film and also the tip-surface
dissipation, which was calculated by Eq. (19).

A slight rise is noticeable in the dissipation curve. It can be
interpreted as a result of the increase in the indentation caused
by the tip. During the indentation process the tip-sample effec-
tive contact area and therefore the friction force increase,
which in turn causes increased dissipation [5].
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Fig. 7 A typical tapping-mode point-spectroscopy with the calculated
tip-surface energy dissipation measured at the reference area
of the sample. Red bars indicate the amplitude range during
a closed loop amplitude-modulated scan.
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Fig. 8 A),tapping-mode AFM topography; B) sinus of the phase at the
reference area; and C) the calculated dissipation map with the corresponding
cross-section at the indicated marker (D).

The red bars indicate the range of the amplitude signal dur-
ing a closed loop AM mode scan, while the feedback tries to
maintain a constant amplitude and thus only minimal variation
may occur. During our subsequent measurement we used an
amplitude setpoint (4~ 4) that our approximately constant 4/
A, value was 0.8. It can be seen that in this region (highlighted
by the red bars) the calculated dissipation has small sensitivity
to the variations in the amplitude, and thus we can presume
that it will be primarily depending on the material properties
of the surface.

Figure 8 presents the topography and the sinus of the phase
map at the reference area and the calculated dissipation map by
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Eq. (19) using constant amplitude. The contaminations on the
surface increase the standard deviation — as it can be seen on
the cross section on the Fig. 8 D) — and may cause a little shift
in the average dissipation. The presence of the contaminations
increases the roughness of the surface which can influence the
friction force and adhesions. For more details about the quanti-
tative characterisation of surface structure and about the effect
of the roughness see [23-25].
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Fig. 9 A) tapping-mode AFM topography; B) the sinus of the phase
on the gratings; and C) the calculated dissipation map with the
corresponding cross-section at the indicated marker (D).

In Figure 9 B) the sinus of the phase map shows sharp con-
trast between the peaks and valleys. However, the dissipation
is the result of the non-conservative forces contrary to the elas-
ticity, the calculated dissipation map correlates with the pre-
viously obtained Young’s modulus, namely the valleys have
lower dissipation compared to the peaks. Figure 9 D) also pre-
sents a cross-section of the dissipation map, which shows dis-
tinct differences between the peaks and valleys.

The numerical value of the dissipation is strongly depends
on the accuracy of determination of the k& spring constant,
O quality factor and w, natural angular frequency. Since the
sharpness of the tip correlates with the effective contact area
thus the shape of the tip can also influence the results.

Figure 10 presents the histograms obtained on the dissipa-
tion maps of the grating and reference area. Compared to the
normal distribution of the reference area, with a median around
1.7 pW two distinct peaks can clearly be observed in the his-
togram of the grating which belong to the valleys and peaks at
1.55 pW and 1.9 pW, respectively.

6 Conclusions

Two AFM methods, which can be applied for the determina-
tion of surface mechanical properties — namely the determi-
nation of Young’s modulus from contact-mode point-spectros-
copy force curves and the determination of tip-surface energy
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Fig. 10 Histograms obtained on the dissipation maps
of the grating and reference area

dissipation through tapping-mode imaging — were discussed in
detail and were utilised to investigate the surface properties of
an As, Se, chalcogenide thin film after laser illumination. The
results showed a significant difference in the Young’s modulus
and tip-surface energy dissipation between the peaks and val-
leys of the grating. We found the valleys to be softer than the
peaks, which can be a possible consequence of the lateral mass
transfer which occurred during illumination.
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