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Abstract

Phase imaging angle of the cantilever oscillation in tapping mode scanning force microscopy can be related to the

energy dissipated per oscillation. Nevertheless, in many cases, the physical properties (adhesion, viscosity. . .) of the
sample that are sources of this energy dissipation are not clearly identified. We propose a simple method to distinguish

the influence of surface and volume properties on phase imaging. This method is based on equalizing of surface

properties by covering the sample surface with thin gold layers. As an example, in our specific working conditions

(moderate tapping on glass–polyester composite), we show that volume properties have an important influence on the

phase signal in comparison to surface properties.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tapping mode [1] is the most commonly used

AFM imaging mode. In this imaging mode, the

cantilever is made to oscillate at a frequency close

to its resonance frequency (typically �50–300

kHz) with an amplitude of vibration maintained
constant (a few tens of nanometers). The tip is

brought in the vicinity of the sample surface so

that the tip/surface interaction causes a decrease of

the vibration amplitude. Tapping mode is much

less damaging for the surface than the contact

mode, thanks to the reduction of the capillary

force, friction and shear force and contact pres-

sure, allowing observation of delicate material such

as epitaxially deposited silicon, polymers [2–4] or
biological samples [5–7].

The phase contrast is often associated with the

tapping mode, the phase signal corresponds to the

shift between the oscillations of the cantilever and

the oscillations of the driver. It makes it possible to

highlight changes of the sample properties. In the

beginning, the tapping mode and the phase con-

trast data were difficult to interpret because of the
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strong non-linearity of attractive and repulsive

forces that act on the tip when it oscillates to

some nanometers of the surface. At present, phase

imaging can be related to the energy dissipated per

oscillation [8–10]. If the imaging parameters re-

main constant (frequency, vibration amplitude),
the changes of the phase value can be directly re-

lated to changes of sample properties.

The behavior of the microlever can be studied

under various conditions. When the tip does not

interact with the sample, the system stiffness is the

same as the microlever stiffness. On the other

hand, when the tip vibrates in the field of attractive

forces, the stiffness of the system is influenced by
the gradient of attractive forces. If the oscillation

of the microlever is sufficiently weak, the gradient

of forces can be regarded as linear, and the stiff-

ness of the system is the sum of the lever stiffness

and the attractive gradient, thus the system stiff-

ness remains linear. This is the case in non-contact

mode [11].

If the vibration amplitude is more significant
(tapping mode), the gradient of attractive and re-

pulsive forces becomes strongly non-linear. It can

hence exist, for the same operating conditions, an

attractive and a repulsive regime [12–14]. We de-

fine the term soft tapping when the regime is at-

tractive (the ratio set point (rsp) defined as the

ratio as the oscillation amplitude A to the free

amplitude A0, is then close to 1) and moderate
tapping, when the regime is repulsive ðrsp ¼ 0:5–
0.8). The transition between these two regimes

induces a spectacular change of the phase value

[12–14]. Even a very small change in the interact-

ing forces can induce a spectacular change in os-

cillation amplitude and in phase value hence in

image contrast. The Du value is a possible way to

determine the nature of the regime where the
cantilever oscillates : for Du > 90�, the regime is

mainly attractive and for Du < 90�, the regime is

mainly repulsive [12–14].

Many numerical or analytical models were de-

veloped to understand [8,15–25] the behavior of

the microlever when the tip interacts with the

sample. These models solve the equation of the

movement of the microlever when it interacts with
highly non-linear gradient forces. In a comple-

mentary way, energy approaches show it is possi-

ble to connect the signal of phase to an energy

dissipation [8–10].

sinu ¼ � A
A0

x
x0

ð1þ gÞ ð1Þ

where A is the working amplitude, A0 the free

amplitude, x the working frequency, x0 the free

resonance frequency and g the ratio between the

additional oscillator damping coefficient due to the

tip/sample interaction and the oscillator damping

coefficient without any interaction. By deriving

Eq. (1) we finally obtain:

du ¼ tanu
dA
A

�
þ dx

x
þ dg
1þ g

�
ð2Þ

In an AFM experiment, the frequency is

maintained constant, the signal of phase is thus

only sensitive to the changes of the cantilever

amplitude and the changes of the energy dissipa-

tion. Working with high rsp A=A0 � 0:9–1, it can
be noted that the phase signal can be directly

connected to the amplitude signal. This drawback
can be eliminated by using the original set-up of

Anczykowski et al. [10], in which case, the energy

dissipation can be directly measured. In the other

hand, when the rsp is low, the phase signal be-

comes very sensitive to the change of energy dis-

sipation. This variation of energy dissipation can

be due to various sources such as adhesion, fric-

tion, viscosity, plasticity, and/or indirectly by
properties such as elasticity or surface curvature

which modify the contact area and thus indirectly

the dissipated energy.

Experimental results have shown the relation-

ship between the curvature of the sample and the

phase contrast [26,27]. The sample curvature can

thus be regarded as an indirect source of the phase

contrast insofar as the modification of sample
curvature modifies the reduced curvature radius.

Consequently, the radii of contact as well as at-

tractive and adhesive forces change and thus in-

duce a change in energy dissipation. In the same

way, a modification of the elastic properties

modifies the contact radii and the indentation

depth [28,29] and can be indirectly responsible for

a change in the energy dissipation. It has often
been reported that the phase contrast is generally

brighter on the most compliant surfaces [30–32].
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Experimentally, the influence of sample prop-

erties like viscoelasticity or adhesion forces on

phase contrast are difficult to investigate due to the

fact that it is difficult, if not impossible to modify

one of the properties of the sample without

changing the others. Nevertheless, Dubourg et al.
have shown that the variation of the phase signal

during an approach curve can be correlated to a

model that takes into account a viscous force

proportional to the indentation depth [28,29]. Fur-

thermore, Tamayo and Garcia have shown con-

vincing results which show that the adhesion

energy hysteresis is a source of phase contrast [33].

Likewise, experimental results have shown that the
capillary forces and thus the hydrophobic/hydro-

philic properties [18] or Coulomb force [34] can

have a minor influence on the phase contrast.

Furthermore, according to the microlever used

(stiffness, resonance frequency, quality factor and

tip radius) or to the applied conditions (working

frequency, free amplitude, and rsp), the phase

contrast can be very affected and an inversion of
contrast can be observed [30–32,35]. In this paper,

we propose a method that allows us to distinguish

the influence of volume properties. The main idea

is to equalize the surface properties by covering the

sample surface with a thin gold layer.

2. Experimental results and discussion

All measures were done with a Dimension 3100

Nanoscope IIIA AFM, from Digital Instruments.

We used classical tapping cantilevers Olympus

OTESPA, from Digital Instruments, having a

resonance frequency near 280 kHz, and a quality

factor close to 400. The free amplitude was about

40–50 nm and the rsp value was equal to 0.5. We
choose a low rsp value in order to create experi-

mental conditions where the phase is sensitive to

sample properties and where the phase contrast is

important. For higher rsp (0.9–1), the phase can be

directly related to amplitude vibration changes by

comparing the phase signal to the amplitude sig-

nal. Concerning the imaging conditions, when ex-

amining the frequency response of the cantilever
for a downward and an upward sweep, a hysteresis

loop can be noted on each side of the free reso-

nance frequency corresponding to transition from

the attractive to the repulsive regime [13,25]. The

peak offset was thus set on the low frequency side

of the resonance peak, at a median frequency be-

tween the borders of these two hysteresis as to

avoid instability between the attractive and the
repulsive regime. The gains were fixed as low as

possible.

Our goal is to determine if phase signal is more

sensitive to surface or to volume properties. When

the tip interacts with the sample, the surface area

of a few nanometers in radius and the half sphere

volume of a few nanometers in radius dissipate

energy. To be able to distinguish the influence of
both contributions, we propose to equalize the

surface properties without modifying the volume

properties. In order to do that, we coat the sample

surface with a thin gold layer. Gold is a non-oxi-

dizable metal that is easy to deposit by an evapo-

ration process.

If the phase lag is mostly due to surface prop-

erties, thin gold layers are able to annihilate the
phase lag. Nevertheless, if the thickness is too thin,

there is a risk that the surface properties are not

perfectly uniform. The thickness of the gold layer

required as to enable the surface properties to re-

main uniform is difficult to estimate even if the

range of interaction forces is generally of a few

atomic distance [36]. On the other hand, if the

phase lag is due to volume properties, the phase
lag should disappear as a function of the gold layer

thickness, and should be zero when the volume

which interacts with the tip corresponds entirely to

the gold layer. According to the elastic theories

[37], this volume can be estimated to 10 times the

contact radius and thus to a few tens of nanome-

ter. Due to the fact that the thickness of the gold

layer required as to enable the surface properties
to remain uniform or to mask the active volume is

unknown, it is thus necessary to plot the phase lag

as a function of the gold layer thickness. Obvi-

ously, this method could be extended to thin films

of different nature using other deposit methods.

Nevertheless, the material used for the thin films

should be of a low source energy dissipation

compared to the sample material and should be of
constant thickness, therefore, organic or polymer

films should be avoided.
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We use a composite material constituted of two

elements with very different Young�s moduli: 70

GPa for glass (fibers randomly oriented) and 3

GPa for polyester (polymeric matrix). Odoni and

Loubet have shown that the surface curvature can

be a contrast source [26,27]. A very meticulous
polishing procedure permits us to obtain a flat

surface, where the ratio of the curvature radii for

the two materials are close to 1.5 and are much

higher than the tip radius. Under these conditions,

the curvature has no influence on the phase signal

(Appendix A). Thin gold layers were deposited

using an evaporation system (Edwards Coating

System E306A) and all the thicknesses were con-
trolled by a crystal monitor (Edwards). After

deposition, the sample was kept in a vacuum

chamber to limit surface contaminations.

Fig. 1 shows a phase image achieved at the in-

terface of the two elements, with a phase contrast

of about 33� between glass and polyester. As pre-

viously reported in similar working conditions, the

more compliant region (polymer) looks brighter
than the stiffer one (glass) [30–32,35]. This high

phase contrast is probably the sum of several

contributions, so to specify the origin of the con-

trast, we cover the composite sample with thin

gold thin of increasing thickness. After the coat-

ing, the surface properties between glass and

polyester must be similar, whatever the thickness,

whereas volume properties are modulated as a

function of the gold thickness. So if phase contrast
suddenly decreases to zero when the thickness is

increased, phase signal will be mostly related to

surface properties such as adhesion forces. If the

decrease is progressive though, the phase signal

will be more related to volume properties such as

viscosity, than to surface properties. In Fig. 2 are

plotted the values of the phase contrast as a

function of gold thicknesses going from 0 to 30
nm. The gradual decrease is in agreement with a

model sensitive to volume properties. The rela-

tionship between the logarithm of the phase con-

trast and the gold layer thickness seems to be

linear for a thickness between 0 and 20 nm. Be-

yond this value, the phase contrast is not relevant.

This enables us to estimate the half sphere that

dissipates energy to about 20 nm. There is no
abrupt change at the beginning of the curve. We

interpret this by the fact that the surface properties

played a minor role in the phase contrast. In our

specific conditions, using this sample, we can

conclude that the phase lag is mostly due to a

change in volume properties. Obviously, for other

operating conditions, using other materials, the

Fig. 1. 20� 20 lm phase image ðz-scale ¼ 50�Þ of the com-

posite material showing the high contrast between glass (dark

phase) and polyester (bright phase) after polishing and before

gold coating.

Fig. 2. Effect of gold thickness on the phase contrast between

glass and polyester. Inset: logarithm of the phase contrast as a

function of the gold thickness.
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phase contrast can be related to surface properties

[18,33,34].

3. Conclusion

We present a method which enables us to dis-

tinguish the influence of surface and volume

properties on phase contrast in tapping mode ex-

periments by modifying the surface properties. The

surface properties are equalized by covering the

surface sample with thin gold layers. As an ex-

ample, this method applied on a glass/polyester

composite shows that the phase contrast is mainly
due to volume properties. On other materials, and

different experimental conditions, this method can

enable to distinguish volume properties such as

viscosity and plasticity and surface properties such

as attractive or adhesive forces.

Appendix A

A curved surface can be described by two radius

of curvature R1 and R2 that are the maximum and

the minimum curvature radii, respectively. The

Gaussian curvature K (total curvature) is calcu-

lated by:

K ¼ 1

R1R2

ð3Þ

If the surface is described by the equation
z ¼ f ðx; yÞ, R1 and R2 are the solutions of the fol-

lowing equation:

K ¼ rt � s2

ð1þ p2 þ q2Þ2
ð4Þ

with

p ¼ dz
dx

; q ¼ dz
dy

; r ¼ d2z
dx2

; s ¼ d2z
dxdy

and

t ¼ d2z
dy2

According to Hertz [26], if Rx � Ry , the surface can

be approximately represented by a sphere having

a radius R such as R ¼ ðRxRyÞ1=2. Then the equi-

valent radius R	 can be found as follow:

1

R	 ¼
1

Rsample

þ 1

Rtip

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R1sampleR2sample

p þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R1tipR2tip

p ð5Þ

1

R	 ¼
1ffiffiffiffiffiffiffiffiffiffi

Ksample

p þ 1ffiffiffiffiffiffi
Ktip

p
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KsampleKtip

p ð6Þ

giving

R	 ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KsampleKtip

p
1ffiffiffiffiffiffiffiffiffiffi

Ksample

p þ 1ffiffiffiffiffiffi
Ktip

p ð7Þ

In our experiment, the sample curvature radii

are very inferior to the tip curvature, the equiva-

lent radius is thus equal to the reciprocal of the

square root of the tip curvature and thus con-

stant.

References

[1] Q. Zhong, D. Innis, K. Kjoller, V.B. Elings, Surf. Sci. Lett.

290 (1993) L688.

[2] Ph. Lecl�eere, R. Lazzaronni, J.L. Br�eedas, J.M. Lu, Ph.

Dubois, R. J�eerôome, Langmuir 12 (1996) 4317.

[3] W. Stocker, J. Beckmann, R. Stadler, J.P. Rabe, Macro-

molecules 29 (1996) 7502.

[4] S.N. Magonov, V. Elings, M.-H. Whangbo, Surf. Sci. 389

(1997) 201.

[5] E. Margeat, C. Le Grimelle, C.A. Royer, Biophys. J. 75

(1998) 2712.

[6] G. Bar, Y. Thomann, M.-H. Whangbo, Langmuir 14

(1998) 1219.

[7] A. San Paulo, R. Garcia, Biophys. J. 78 (2000) 1599.

[8] J. Tamayo, R. Garcia, Appl. Phys. Lett. 71 (1997) 2394.

[9] J.P. Cleveland, B. Anczykowski, E. Schmid, V. Elings,

Appl. Phys. Lett. 73 (1998) 2926.

[10] B. Anczykowski, B. Gotsmann, H. Fuchs, J.P. Cleveland,

V.B. Elings, Appl. Surf. Sci. 140 (1999) 376.

[11] R. Erlandsson, L. Olsson, P. Martensson, Phys. Rev. B 54

(1996) 54.

[12] B. Anczykowski, D. Kr€uuger, K.L. Babcock, Ultramicro-

scopy 66 (1996) 251.

[13] R. Garcia, A. San Paulo, Phys. Rev. B 60 (1999) 4961–

4967.

[14] B. Anczykowski, J.P. Cleveland, D. Kr€uuger, V.B. Elings,
H. Fuchs, Appl. Phys. A 66 (1998) S885.

[15] D. Sarid, T.G. Ruskell, R.K. Workman, D. Chen, J. Vac.

Sci. Technol. B 14 (1996) 864.

A. Berquand et al. / Surface Science 523 (2003) 125–130 129



[16] B. Anczykowski, D. Kr€uuger, H. Fuchs, Phys. Rev. B 53

(1996) 15485.

[17] R.G. Winkler, J. Spatz, S. Sheiko, M. M€ooller, P. Reineker,

O. Marti, Phys. Rev. B 54 (1996) 8908.

[18] J. Tamayo, R. Garcia, Langmuir 12 (1996) 4430.

[19] A. Kh€uule, A.H. Sorensen, J. Bohr, J. Appl. Phys. 81 (1997)

6562.

[20] O.P. Behrend, F. Oulevey, D. Gourdon, E. Dupas, A.J.

Kulik, G. Gremaud, N.A. Burnham, Appl. Phys. A 66

(1998) S219.

[21] L. Wang, Appl. Phys. Lett. 73 (1998) 3781.

[22] R. Boisgard, D.Michel, J.P. Aim�ee, Surf. Sci. 401 (1998) 199.

[23] N. Sasaki, M. Tsukada, R. Tamura, K. Abe, N. Sato,

Appl. Phys. A 66 (1998) S287.

[24] L. Nony, R. Boisgard, J.P. Aim�ee, J. Chem. Phys. 111

(1999) 1615.

[25] L. Wang, Surf. Sci. 429 (1999) 178.

[26] L. Odoni, Ph.D. thesis, Ecole Centrale de Lyon, 1999.

[27] O.P. Behrend, L. Odoni, J.L. Loubet, N.A. Burham, Appl.

Phys. Lett. 75 (1999) 2551.

[28] F. Dubourg, J.P. Aim�ee, S. Marsaudon, R. Boisgard, P.

Lecl�eere, Eur. Phys. J. E 6 (2001) 49.

[29] F. Dubourg, S. Kopp-Marsaudon, P. Lecl�eere, R. Lazza-

roni, J.P. Aim�ee, Eur. Phys. J. E 6 (2001) 387.

[30] S.N. Magonov, V. Elings, M.-H. Whangbo, Surf. Sci. 375

(1997) L385.

[31] G. Bar, Y. Thomann, R. Brandsch, H.-J. Cantow, M.-H.

Whangbo, Langmuir 13 (1997) 3807.

[32] M. Deleu, K. Nott, R. Brasseur, P. Jacques, P. Thonart, Y.
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