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Abstract The nanomechanical properties of polymethyl
methacrylate and indium phosphide were measured with an
atomic force microscope and a nanoindentation system.
The elastic moduli measured with the atomic force
microscope are in good agreement with the values obtained
with the nanoindentation system. The hardness is shown to
be affected by the tip radius used in our experiments. The
cantilever vertical and lateral movements were indepen-
dently analyzed during nanoindentation, and the tip torsion
can be attributed to a change from elastic to plastic
deformation regimes of materials during force microscopy
nanoindentation. An analysis of the lateral movement of
the laser beam associated with the cantilever torsion was
used to determine the material yield stress.

Introduction

The understanding of deformation mechanisms of materials
under pressure is essential to the development of new devi-
ces. Since the size of the devices has reached the nanometer
level, a proper characterization technique has to be devel-
oped so that the materials mechanical characterization can be
fully performed in such a small scale. Nanoindenters have
been developed and used with great success on the charac-
terization of materials using forces ranging from a few uN to
several mN. Within this force range, a lot of information on
the deformation mechanisms of materials under load can be
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obtained. To be able to understand the initial steps of the
deformation processes, smaller forces are needed. The
capability to measure forces in the nN range makes the
atomic force microscope (AFM) an interesting tool to mea-
sure mechanical properties of materials.

The measurement of nanomechanical properties of
materials with AFM has become possible due to the precise
control of the microscope tip position and forces applied
between the tip and the studied surface, as shown by
Bhushan and Koinkar [1]. AFM operational modes have
been developed in the last few years giving new informa-
tion regarding the materials properties. The phase image in
tapping mode gives information about the materials elas-
ticity and adhesion [2], the force modulation technique
allows the subsurface defects visualization and the map-
ping of the materials elasticity in a surface [3, 4]. The
nanoindentation of the AFM tip on a surface allows the
determination of the materials hardness and elasticity [5].
The tapping mode phase image and the force modulation
technique are very sensitive to the stiffness and resonance
frequency of the microscope cantilever and a quantitative
determination of the materials elastic modulus is hardly
obtained. On the other hand, nanoindentations with AFM
are sensitive to the cantilever’s stiffness and to the normal
bending and lateral torsion of the microscope cantilever. If
a proper analysis of the microscope cantilever movement is
performed, the quantitative determination of the materials
hardness and elastic modulus can be obtained.

In this work, the mechanical properties of polymethyl
methacrylate (PMMA) and indium phosphide (InP) were
measured with atomic force microscopy nanoindentation.
A careful analysis of the AFM cantilever movement during
the nanoindentation was performed. The cantilever vertical
and lateral movements were independently acquired and
analyzed. The quantitative determination of the materials
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hardness and elastic modulus were obtained by the analysis
of the vertical movement of the cantilever. The analysis of
the AFM cantilever lateral torsion allowed the quantitative
determination of the materials yield stress. It is shown in
this work that a careful analysis of the AFM cantilever
movement gives information about the initial steps of
plastic deformation of materials under load.

Experimental procedures

The nanomechanical characterization of PMMA and InP
was done using an atomic force microscope. Force curve
measurements were performed with an AFM (MultiMode,
Veeco, Santa Barbara, CA) controlled with a Nanoscope I1la
electronics operated in air. The sample located on top of the
microscope piezoelectric ceramic was pushed towards the
AFM tip while the cantilever vertical deflection was recor-
ded. The AFM software plots the vertical piezo (sample)
displacement (Az) versus the cantilever vertical deflection
response (AV) in volts. To convert the cantilever vertical
deflection response given in volts into cantilever displace-
ment in nm (As), the cantilever sensitivity was used. It was
measured in a sapphire sample that was used as an ‘infi-
nitely’ hard material. The force applied by the cantilever was
calculated by multiplying the cantilever vertical displace-
ment by the cantilever normal bending constant. The
deformation of the surface under load (Ah) was obtained by
Ah = Az — As [6]. Thus, nanoindentation curves were
achieved. The unload part of the nanoindentation curve was
fitted using the Oliver & Pharr model so that the materials
elastic modulus and hardness were determined [7].

To record simultaneously the vertical and lateral move-
ment of the cantilever during the nanoindentation process a
LabView routine was used. The vertical and lateral signals
were accessed through a signal access module (Veeco).

The cantilever’s choice was based on the sensitivity
measurement in force curves obtained at different materi-
als. The measurement of materials mechanical properties
depends on how the cantilever bends due to the contact
with the surface. The sensitivity is the ratio between the
cantilever vertical deflection and the piezo displacement. A
contact mode SizNy, a Si, and a stainless steel cantilever
equipped with a diamond tip were tested. The cantilever’s
sensitivity measurements at several materials are shown in
Fig. 1. The stainless steel cantilever presents the largest
sensitivity variation in the range of the elastic modulus
studied. Therefore, the stainless steel cantilever was chosen
to test the materials mechanical properties. The stainless
steel cantilever was then carefully calibrated so that
quantitative elasticity and hardness data could be obtained.

To calibrate the cantilever, the cantilever dimensions and
resonance frequency were measured. The cantilever length
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Fig. 1 Normalized cantilever sensitivity versus elastic modulus for
different cantilevers ((CJ) a contact mode Si3N, cantilever, (@) a
tapping mode Si cantilever, and (A\) a stainless steel cantilever)

and width were measured with an AxioPlan 2ie optical
microscope (Carl Zeiss Inc., Thornwood, NY), and the
resonance frequency was obtained with the force micro-
scope software. A normal bending constant of 313 N/m was
measured for a cantilever resonance frequency of 60 KHz.
To estimate the tip area function, the diamond tip radius was
measured. A CrN tip tester [8] was imaged by AFM oper-
ated in tapping mode and a blind reconstruction method was
used [9]. A tip radius of 80 nm was obtained.

Nanoindentation experiments using a Triboscope Nano-
mechanical Testing System (Hysitron Inc, Minneapolis,
MN) were performed to compare the results with the ones
obtained by AFM nanoindentation. A conospherical dia-
mond probe tip with a curvature radius of 260 nm was used
in all measurements. A nanoindentation load function with
three segments was used. The load was linearly increased
from zero to the maximum force in an interval of 5 s, the
maximum force was then applied for 2 s (hold time), and
finally the load was linearly decreased until zero in 5 s.

A viscoelastic PMMA sample supplied with our Tribo-
scope was used without any further sample preparation
step. A semi-insulating epi-ready InP (100) wafer (InPACT
Inc., Fremont, CA) was heated at 630 °C in a metal organic
vapor phase epitaxy AIX200 reactor and a 500 nm InP
buffer layer was grown to minimize surface defects on InP.
The InP samples were then directly placed on the equip-
ments for the nanoindentation study.

Results

Nanoindentation curves of PMMA and InP performed
with the Triboscope nanoindenter are shown in Fig. 2. A
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Fig. 2 Triboscope nanoindentation force versus penetration depth
curves for (a) PMMA and (b) InP

nanoindentation curve for PMMA is presented in Fig. 2a.
A total penetration depth of 243 nm is obtained for a
maximum force of 346 uN. Creep is observed in the nan-
oindentation curve due to the 2 s hold time used in our
nanoindenter load function. Nanoindentations were per-
formed and the PMMA elastic modulus was achieved as
4.9 £ 0.4 GPa and its hardness was 402 + 62 MPa.

In Fig. 2b a nanoindentation curve of InP is shown. A
maximum force of 609 uN was used, reaching a total
penetration depth of 62.5 nm. A discontinuity in the load
part of the curve can be seen at 262 uN. Smaller discon-
tinuities are noted for load forces above 262 nN. Its elastic
modulus and hardness were measured as 89.0 + 3.3 GPa
and 8.3 £ 1.2 GPa, respectively.

In Fig. 3, AFM nanoindentation curves are shown for
PMMA and InP. The nanoindentation curve for PMMA
shows that the AFM tip was deeply indented on the surface.
A total penetration depth of 25 nm was obtained at a
maximum normal force of 13 pN. A continuous process of
deformation upon load is shown and plastic deformation is
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Fig. 3 AFM nanoindentation curves for PMMA (circles) and InP
(triangles) measured with the stainless steel cantilever. The load
curves are represented with solid symbols and the unload curves with
open symbols

observed. The unload part of the nanoindentation curve
was analyzed. An elastic modulus of 4.1 £ 1.2 GPa and
hardness of 2.4 £ 0.7 GPa were obtained.

The nanoindentation curve for InP presented in Fig. 3,
shows the load and unload curves superposed, i.e., an
elastic regime is observed. A total penetration depth of 2.5
nm is obtained at a maximum indentation force of 10 uN.
Its elastic modulus and maximum contact pressure were
measured by the analysis of the unload part of the nano-
indentation curve as 96.2 = 12.7 GPa and 11.8 & 2.6 GPa,
respectively. Due to the InP deformation mechanism, the
material’s hardness is referred either as maximum contact
pressure, when obtained from nanoindentation curves
within an elastic deformation regime, or as hardness when
obtained from curves within a plastic deformation regime.
AFM nanoindentations on InP with forces above 10 puN
may present discontinuities. Such discontinuities cause
difficulty in the measurement of the mechanical properties
by the analyses of the normal bending of the cantilever in
nanoindentation curves. Therefore, to correctly analyze the
AFM nanoindentations, a complete analysis of the AFM tip
vertical and lateral movements is necessary.

In Fig. 4, an AFM nanoindentation curve and the
respective cantilever movement during the nanoindentation
on PMMA are presented. In Fig. 4a, a maximum penetra-
tion depth of 10 nm was obtained at a normal force of
3.5 puN. The load and unload curves are superposed indi-
cating that under such a load an elastic deformation regime
is observed. Figure 4b shows the movement of the laser
beam, reflected on the backside of the AFM cantilever, on
the AFM photodetector. The vertical and lateral move-
ments of the laser beam on the photodetector are directly
related with the cantilever normal bending and torsion
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Fig. 4 AFM nanoindentation curves on PMMA. (a) Load versus
penetration curve showing an elastic deformation regime. (b) The
vertical and lateral movements of the laser beam on the photodetector
acquired during the nanoindentation measurements shown in (a). (c)

respectively. A 0.12 V vertical movement of the laser beam
on the photodetector corresponding to a cantilever vertical
movement of 10 nm is observed. No lateral movement of
the laser beam is detected. In Fig. 4c, a maximum pene-
tration depth of 45 nm was obtained at a normal force of
20 uN. A continuous process of deformation is observed
during the nanoindentation. In Fig. 4d, a 0.70 V vertical
movement of the laser beam on the photodetector is
observed corresponding to a cantilever vertical movement
of 45 nm. A vertical movement of the laser beam on the
detector is seen until a nanoindentation force of 4 pN is
reached. Then, as the nanoindentation force increases, both
vertical and lateral movements of the laser beam on the
photodetector are observed.

AFM nanoindentation curves and the movement of the
microscope cantilever during nanoindentation on InP are
presented in Fig. 5. In Fig. 5a, a nanoindentation curve
with an elastic deformation regime is presented. A pene-
tration depth of 3 nm is reached for a maximum applied
force of 10 uN. In Fig. 5b, the vertical movement of the
laser beam on the AFM photodetector is presented. A laser
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A plastic deformation regime is shown in a load versus penetration
curve and the respective laser beam movement during the nanoin-
dentation is presented in (d)

beam vertical movement of 0.29 V corresponds to 3 nm of
cantilever vertical movement. A nanoindentation curve
with maximum load of 50 pN and an indentation depth of
45 nm is shown in Fig. 5c. In Fig. 5d, the respective
movement of the laser beam is presented. A 1.30 V vertical
movement of the laser beam on the photodetector is
observed corresponding to a cantilever vertical movement
of 45 nm. The vertical movement is observed until a nor-
mal force of 25 pN is achieved. As the nanoindentation
force is increased, a vertical laser movement combined
with a lateral laser displacement on the photodetector is
observed.

Discussion

The deformation mechanism on viscoelastic PMMA is
associated with a complex motion of polymer chains. The
polymer deformation under load is partially reversible. It
involves the distortion of the polymer chains from their
equilibrium conformations through activated segment
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Fig. 5 AFM nanoindentation curves on InP. (a) Load versus
penetration curve showing an elastic deformation regime. (b) The
vertical and lateral movements of the laser beam on the photodetector
acquired during the nanoindentation measurements shown in (a). (c)

motion involving rotation about chemical bonds. Perma-
nent deformation is associated with irreversible slippage of
molecular chains past one another [10]. The PMMA
deformation is a continuous process and no sudden yielding
of material under load was observed in our Triboscope
(Fig. 2a) or AFM nanoindentations (Fig. 3).

The PMMA elastic moduli measured by nanoindenta-
tion using either the AFM or the Triboscope system are in
good agreement. On the other hand, the hardness value
obtained by AFM is bigger than the value observed by
nanoindentation with the Triboscope system. The nanoin-
dentations in both cases were performed with spherical tips
but with different curvature tip radius. The tip radius used
with the Triboscope is &~ 3 times bigger then the radius of
the diamond tip used in our AFM. No influence of the tip
radius in the elastic modulus measurement is observed due
to the fact that the elastic deformation occurs on a large
volume of the material under the indenter tip. The elasti-
cally deformed volume stores the mechanical energy of the
system. As plastic deformation occurs, the energy stored in
the elastically deformed volume is dissipated on the
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A plastic deformation regime is shown in a load versus penetration
curve and the respective laser beam movement during the nanoin-
dentation is presented in (d)

irreversible slip of the PMMA molecular chains in contact
with the indenter tip. As a consequence, the materials
hardness is influenced by the indenter tip radius while the
materials elasticity is not. As the radius of the tip used in
nanoindentation decreases, the hardness values are seen to
increase. This is known as indentation size effect (ISE)
[11]. In PMMA, as the radius of the spherical tip decreases,
the number of molecular chains that can be pushed by the
tip decreases so the material will not plastically deform so
easily leading to an increase of the material hardness.

The movement of the laser beam on the microscope
photodetector reveals the cantilever movement during the
nanoindentation process. On PMMA, as seen in Fig. 4d,
the torsion of the cantilever starts at a nanoindentation
force of ~ 4 uN. A simple estimative of the contact area
between the tip and the PMMA surface for a contact depth
10 nm, and an applied normal force of 4 uN, shows that the
pressure applied by the AFM tip is of the order of 0.8 GPa
[12].

The deformation response of a material under load, to
spherical indentation was described by Field and Swain
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[13]. They show that the point where the plastic flow of
material begins, defined as the yield stress, is equal to P/3,
where P is the pressure over the contact area. The PMMA
yield stress calculated, with the hardness values obtained
from our AFM nanoindentations, was 0.8 & 0.2 GPa. Thus,
as shown in Fig. 4d, the lateral movement of the laser beam
on the microscope photo detector, i.e., the torsion of the
AFM cantilever occurs when the yield stress is achieved.

In AFM nanoindentation, the apex of the AFM tip is
usually not perpendicular to the material surface. As a con-
sequence, there is an asymmetric distribution of the applied
normal force on the material beneath the tip. Therefore, as the
yield stress is achieved, the plastic flow of PMMA molecular
chains is more likely to occur at a tip side generating the tip
torsion observed in nanoindentation experiments.

The indium phosphide elastic moduli measured by
nanoindentation, using either the AFM or the Triboscope
system, are in good agreement as well. The maximum
contact pressure value obtained by AFM is again bigger
than the hardness value obtained by nanoindentation with
the Triboscope.

Indium phosphide is a semiconductor with a zinc blend
crystallographic structure that mechanically deforms by the
generation and propagation of dislocations. This material
can deform elastically by the compression of its lattice
below the indented area. Plastic deformation is presented
by the slip of the preferential planes {111} causing a cat-
astrophic event that is revealed on the nanoindentation
curves as a discontinuity called pop-in [14].

In nanoindentation curves obtained with the Triboscope
shown in Fig. 2b, the discontinuities are clearly seen. In
AFM nanoindentation however, due to the vertical bending
as well as cantilever rotation along its main axis, i.e., tor-
sion, the pop in event introduces a distortion on the
nanoindentation curve. An asymmetric distribution of the
applied normal force on the material beneath the tip occurs
leading to the slip of {111} planes at a tip side generating
the tip torsion observed.

An analysis of the laser beam movement on the
microscope photodetector, as shown in Fig. 5d, reveals that
a sudden torsion of cantilever occurs in a force of &~ 25 uN
during the nanoindentation process. At this load, a pene-
tration depth of 30 nm is observed. An estimated contact
radius between the tip and the InP surface of 61 nm, shows
that the pressure applied by the AFM tip is 2.1 £ 0.5 GPa.

A yield stress of 3.9 £ 0.9 GPa was calculated, fol-
lowing Field and Swain definition, using the contact
pressure obtained from the AFM elastic curve data shown
in Fig. 5a. The InP yield stress determined by the analysis
of the cantilever torsion movement (x2.1 GPa) is lower
than the yield stress calculated by the AFM elastic curve
(~3.9 GPa). The yield stress calculated from the nano-
indenter curves is 2.8 £ 0.4 GPa.

It is known that the plastic flow of material on semi-
conductors like InP occurs due to the sudden movement of
dislocations on the semiconductor crystalline structure.
Such semiconductor can sustain an average pressure in the
contact area that is nearly twice the materials hardness
before the generation of dislocations [15]. This effect
cannot be explained by any error in the estimated AFM or
nanoindenter contact area. Therefore, the yield stress
directly determined from the elastic AFM data, as pre-
dicted by Field and Swain, is overestimate. After the
generation of dislocations, the average pressure in the
contact area becomes constant and is defined as the InP
hardness. The abrupt cantilever torsion observed in Fig. 5d
is associated with the sudden generation of dislocations in
the crystal. Therefore, the yield stress obtained by the
torsion of the AFM cantilever gives a better estimative of
the material yield stress.

Conclusions

In this paper an analysis of the atomic force microscope tip
movement during the nanoindentation process is per-
formed. We show that the mechanical properties of
materials that undergo a continuous deformation process
under load like PMMA can be directly obtained from AFM
nanoindentation curves. The values are comparable with
values obtained with nanoindentation systems like the
Triboscope used in our tests. While the hardness is affected
by the tip radius used in the nanoindentation experiments,
the materials elastic modulus is not influenced. The
beginning of the lateral movement of the laser beam,
reflected on the backside of the AFM cantilever, on the
AFM photodetector is shown to occur at the material yield
stress point.

AFM nanoindentations on crystalline materials that are
subject to a discontinuous process of deformation under
load like InP have to be carefully analyzed. AFM nano-
indentation curves performed with low loads and within an
elastic regime of deformation can be used on the mea-
surement of the materials elastic modulus. The elastic
moduli are comparable with the values obtained in nano-
indentation systems. The effect that, before the pop-in
event, such crystalline materials can sustain a pressure
higher than the materials hardness is observed on the AFM
nanoindentation. An analysis of the lateral movement of
the laser beam associated with the cantilever torsion was
used to determine the materials yield stress.
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