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n thermomechanical data storage, a heated atomic force micro-
cope cantilever tip is in contact with and scans over a polymer
lm. Heating in the cantilever and cantilever tip induces local
eformation of the polymer near the tip, with indents as small as
2 nm. This paper reports a simple modeling approach for pre-
icting heat and mass transfer in the cantilever tip and polymer
ith the goal of predicting indent formation conditions. The model
ccounts for subcontinuum conduction in the cantilever tip and
or the time- and temperature-dependent mechanical properties of
he polymer. Simulations predict steady state and transient indent
ormation, and the results compare well with data. For loading
orces 30–200 nN and a tip radius of 20 nm, a cantilever tem-
erature of 200°C is required to form an indent at steady state.
or heating pulses as short as 5 �s, the cantilever temperature

equired for bit formation is as high as 500°C. By quantifying the
onditions required for indent formation, this work may improve
he operation of heated probes for thermomechanical data
torage. �DOI: 10.1115/1.2764088�

ntroduction
In thermomechanical data storage �1–3�, a heated atomic force
icroscope �AFM� cantilever tip locally melts and deforms a

olymer layer to form nanometer-scale data bits. Figure 1 illus-
rates this technology, in which critical figures of merit are data bit
ensity and the time and temperature required to write data bits.
his paper reports a simple modeling approach to predict heat

ransfer in the nanoscale silicon probe tip and the polymer layer
uring thermomechanical indentation formation.

Thermomechanical data storage technology has a spatial reso-
ution and writing rate that are governed by heat transfer in the
antilever tip. Past work investigated thermal conduction within
he cantilever with the goal of minimizing the time required for
emperature changes near the tip region �4�. Research on high-
esolution thermal microscopy motivated several studies of ther-
al and thermoelectric transport at the contact of a probe tip and
surface �5–8�. However, no previous work considered thermal

onduction in a silicon AFM cantilever tip or its interaction with a
olymer layer.

Previous published work on thermomechanical data storage
oted the temperature, time, and loading force required to form a
ata bit but did not examine the process of data bit writing in
etail. Previous studies �3,9� found a minimum temperature of
50°C in the cantilever heater region required to form indents in
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thin layers of polymethyl methacrylate �PMMA�. The temperature
of the cantilever heater region can be found by measuring the
electrical resistance of the cantilever, which is a function of tem-
perature �10�. The minimum writing temperature of 350°C is
higher than the glass transition temperature of PMMA, which is
100–120°C �11�. It is not well understood why the cantilever
heater temperature must significantly exceed the polymer glass
transition temperature in order to form an indent.

This paper considers thermal conduction along the cantilever
tip in steady contact with the polymer to find the temperature
distribution along the length of the cantilever and the temperature
at the tip-polymer interface. The analysis also considers the melt-
ing of the polymer and motion of the tip into the polymer to
predict indentation formation conditions.

Technical Approach
The most rigorous study of heat conduction in the cantilever tip

would provide a detailed account for phonon dispersion, and scat-
tering on the tip walls and other phonons �12�. Several unknown
experimental parameters mitigate the practical impact of the most
rigorous approach. These include the presence of native silicon
oxide on the tip, uncertainty in the tip shape, tip wear, and the
evolution of these parameters over long times and temperatures.
The degree of thermal conductivity anisotropy in the polymer
layer is not known, and the surface tension and viscoelastic prop-
erties at length scales comparable near the polymer radius of gy-
ration have not been measured, nor do good physical models exist
for their prediction. This study employs an approximate model of
phonon transport in the cantilever tip. Because the uncertainties in
the experimental parameters are large compared to the uncertainty
in the chosen model, a more rigorous model may not yield useful
insight without advancement in the related experiments.

Figure 2 shows thermal conduction resistances in the cantilever
tip and polymer substrate. Heat flows from the cantilever into the
substrate across the air gap and through the cantilever tip. The
thermal resistance across the air gap between the cantilever and
the substrate is Rsubstrate and calculated from a shape factor �13�.
The total thermal conduction resistance along the length of the
cantilever tip is

Rtot =�
x=0

h
4x

�d2k�x�
dx +

16

C��dcontact
2 + Rsubstrate �1�

where the first term is Rtip, the thermal conduction resistance
along the x direction, the second term is the thermal interface
resistance Rinterface that enforces a phonon scattering site at the
tip-polymer interface, and the third term is Rspread, the thermal
resistance due to the spread of heat in the polymer layer. Note that
Rspread is the thermal resistance to heat flow from the end of the
tip, while Rsubstrate is the thermal resistance to heat flow from the
cantilever heater region. The interface thermal resistance is thus
calculated by enforcing that all of the available phonons scatter at
the tip-polymer interface �14�, and Rinterface is typically
106–108 K/W. The value of Rspread is typically 108–109 K/W,
found from solution to the heat conduction equation in the poly-
mer layer.

The tip is modeled as a half-sphere mounted onto the end of a
cone. The conduction analysis divides the tip into finite volume
elements. The resistance to heat flow away from the tip is much
greater than the resistance to heat flow within the tip, and thus the
temperature along the tip can be analyzed as a one-dimensional
problem. Thermal conduction is calculated between adjacent vol-
ume elements in the tip, conduction to the nearby air, and radia-
tion to the nearby surfaces. The thermal conductivity in the tip is

calculated using Matthiessen’s rule �15,16�.
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k�x� =
1

3
Cv� 1

�−1 + d�x�−1� �2�

here x is the vertical position along the tip, d is the local tip
iameter, k is the local thermal conductivity of the tip, C is the
olumetric heat capacity, v is the average phonon speed, and � is
he phonon mean free path in the bulk material �15�. A value of
.8�109 W/m2 K is used for the product Cv �17�. The model
ssumes constant Cv, which will produce an error of not more
han 15%. The temperature dependence of the bulk thermal con-
uctivity of silicon is modeled using a fit to room temperature
ata for bulk samples �18�, and so � is a function of temperature.

Typical tip loading forces are in the range of 5–300 nN �3,9�
nd so adhesive forces can be neglected �19�. While the PMMA
olymer data layer is relatively hard with Young’s modulus of
.0�109 Pa �11�, it is much softer than the silicon tip and elasti-
ally deforms when unheated. An exact solution �20� is available
or the indentation of a half-sphere into a nonadhering elastic
urface, which relates the loading force Fload to the contact con-
itions

Fload =
G�

1 − �
��rcontact

2 + rtip
2�log� rtip + rcontact

rtip − rcontact
	 − rtiprcontact�

�3�

here G� is the elastic modulus, rcontact is the radius of contact

ig. 1 Schematic of the bit-writing process and thermome-
hanically written indentations in polymer
nd half the value of dcontact, and rtip is the tip radius of curvature.
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Poisson’s ratio is �=0.35 for PMMA at room temperature. Once
the polymer is heated above its glass transition point, it can be
considered to be incompressible with �=0.5 �11�. The thermal
resistance of the portion of the tip that penetrates into the polymer
is neglected, as the thermal resistance of the polymer is signifi-
cantly greater than the thermal resistance of the tip.

Heat flows from the side of the tip through radiative exchange
with the heater and the substrate and conduction to the surround-
ing air. This steady-state model assumes that conduction across
the cantilever-polymer air gap produces a constant, linear tem-
perature gradient across the gap. Typical heating times are
1–50 �s �4,21� which are much longer than the time for heat to
diffuse across a typical cantilever-substrate air gap of thickness
0.3–1 �m which is approximately 100 ns. Thus, the air between
the cantilever and substrate is at thermal steady state. The resis-
tance to thermal conduction between the tip and the air depends
only on the Knudsen slip resistance, which accounts for the diam-
eter of the tip being smaller than the mean free path of the air
molecules �13,22�.

The tip is discretized into 1000 volume elements along its axis,
and the temperature distribution is found using Gauss-Seidel itera-
tion on the heat flow along the length of the tip. Temperature
predictions are validated by an energy balance on each volume
element and on the entire tip, and compare well with analytical
solutions in which the thermal conductivity is held constant. The
calculated value of Rspread compares well with a shape factor for a
disk source on an infinite half-space �22�. For transient analysis,
time steps of 1% of the total simulation time yield a numerical
solution that agrees to within 2% of the analytical solution for
constant-temperature boundary conditions in both radial and nor-
mal directions.

A comparison of the heat conduction paths along the cantilever
tip and across the air gap finds that the temperature at the tip-
polymer interface Tinterface is much higher than the temperature at
the polymer surface away from the tip Tpl-surf. Because the tem-
perature at the tip-polymer interface is much higher than the tem-
perature anywhere else on the substrate surface, the cantilever
might be used as a tool for highly local thermal processing or
manufacturing �23,24�. Comparison of heat flow through the tip
and across the air gap separating heater and polymer shows that

Fig. 2 Thermal resistance network showing the heat transfer
modes influencing tip-sample interface temperature
significantly more heat travels across the cantilever-substrate air

NOVEMBER 2007, Vol. 129 / 1601
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ap than travels through the length of the cantilever tip. Thus, it is
he thermal impedance of the cantilever-substrate air gap not the
hermal impedance at the cantilever tip-polymer interface, which
overns thermal data reading �13,25,26�.

Figure 3 shows the effect of loading force on interface tempera-
ure. The tip loading force influences the area of tip-polymer con-
act, which in turn affects the interface temperature. For the small-
st tip radii, the tip-polymer interface temperature is relatively
lose to the cantilever heater temperature. However, as the tip
harpness decreases, the tip-polymer interface temperature de-
reases dramatically. For indents written into PMMA films, the
MMA has a glass transition temperate in the range of
00–125°C, also shown in Fig. 3.

By coupling the mechanical and thermal analysis of bit forma-
ion, it is possible to predict the onset of data bit formation and the
ltimate data bit size for a given heater temperature, heating time,
nd loading force. In the measurements reported on thermome-
hanical writing �1,3,27�, the cantilever has a tip of height of
00 nm, tip radius of curvature of 20 nm, spring constant near
.05 N/m, and a mechanical resonance frequency near 100 kHz.
he polymer data substrate is a bilayer consisting of 35 nm of
MMA on 80 nm of epoxy, which resides on a silicon substrate.
n the writing experiments, a cold cantilever tip is brought into
ontact with a cold polymer surface. After tip-polymer contact,

ig. 3 Predicted steady-state tip-polymer interface tempera-
ure as a function of loading force for a range of heater tem-
eratures and a tip radius of curvature of 20 nm. The shaded
egion represents the glass transition region, above which a bit
ill be written for long heating pulses.
he base of the cantilever is brought closer to the substrate such
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that the cantilever tip is pressed into the substrate. The cantilever
tip loading force Fload is the product of this displacement and the
cantilever spring constant k. The cantilever heats for a fixed time
to a known temperature.

The temperature-dependent mechanical modulus of the polymer
is calculated as a function of temperature, pressure, and time. The
temperature dependence takes the form of the Williams Landel
Ferry shift parameter �28�, which is used to extract viscous and
elastic polymer properties from tabulated values �29�. For times
comparable to and longer than 10 ms, the cantilever is in thermal
and mechanical equilibrium with the polymer data layer. Figure 3
shows predictions for the tip-polymer interface temperature as a
function of loading force for various heater temperatures. The
model predicts that the lowest heater temperature at which a bit
could be written is near 200°C for a loading force above approxi-
mately 75 nN.

The cantilever motion of the cantilever tip can be described
through an equation of motion

mcantẍ + kcantx = Fload − Fpl �4�

where mcant is the mass of the cantilever calculated as in previous
work �3,9�, x is the vertical position of the cantilever tip, and Fpl
is the force with which the polymer resists tip motion. The force
with which the polymer resists tip motion is a function of the
temperature field in the polymer near the tip.

Solution of the two-dimensional transient diffusion equation
within the polymer show that for all of the present calculations,
the thickness of the softened polymer is thinner than the tip radius
of curvature. The tip motion through the polymer can thus be
modeled as a lubrication problem, where the viscoelastic polymer
is squeezed between the hardened tip and the hard, cool polymer.
An analytical solution for the force required to displace the lubri-
cation layer links the tip motion to polymer relaxation. At every
time step, the simulation tests whether the tip loading force is
sufficient to move the tip one finite volume element thickness into
the polymer layer. The force with which the polymer resists tip
penetration Fpl can be divided into the viscous resistance �30� and
the elastic resistance of the polymer �28�

Fpl = 3�
�plrtip

4

tpl
3 ẋ + 3�G�rtip

2� �5�

where �pl is the polymer viscosity, tpl is the average thickness of
the softened polymer near the tip, and � is the strain in the melted
polymer. If the criteria for tip motion are met, then the tip moves
one element into the polymer. The new position of the tip serves
as a position of the constant-temperature boundary in the solution
of the heat equation. Since the tip penetration is limited by the
squeeze flow of the soft polymer between the tip and the hard
polymer beneath, once the polymer flows away from the tip, it
exerts negligible force on the tip. The simulation stops when the
tip has penetrated to a depth of 10 nm.

Figure 4 shows measurement and prediction results for writing
conditions required to form an indent for tip loading forces of
30–100 nN. The measurements are from Refs. �1,27�. Predictions
from the modeling of the present study are shown for both a
moving tip and for steady-state thermal conditions. To within ex-
perimental error and measurement scatter, the modeling and simu-
lation of the present work compare well with measurements.

The drop in threshold writing temperature for longer writing
times is due to three factors: the inertia of the cantilever which
must be overcome for tip motion, heat diffusion into the polymer,
and the viscoelastic response of the polymer to tip penetration.
First, the cantilever mechanical time constant prohibits a data bit
from being written much faster than approximately 10 �s, so due
only to the cantilever mechanical time constant, one expects an
asymptotic increase in threshold writing temperature as heating
times decrease to near 1 �s. The steep increase in temperature
required to write a data bit for short times also corresponds to the

time required for heat to diffuse into the polymer layer away from
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he tip, and the time- and temperature-dependences of the polymer
roperties away from the tip. As shown in Eq. �5�, the force with
hich the polymer resists tip penetration has an inverse cubic
ependence on the thickness of the soft polymer near the penetrat-
ng tip. The long time behavior of tip penetration, which asymp-
otically approaches a threshold bit-writing temperature of ap-
roximately 200°C, is a function of only the polymer
emperature-dependent shear modulus.

The two loadings for which predictions are made bound the
easonable practical loading window of the present thermome-
hanical data storage cantilever. The large experimental scatter
an be attributed to the difficulty of calibrating the cantilever heat-
ng temperature and loading force, as well as the difficulty of
ccurately measuring features of size near 10 nm. The predictions
how a 20–50°C difference in threshold writing temperature be-
ween the 30 nN and 100 nN loading forces at a given heating
ime.

Figure 4 provides insight into the previously published experi-
ental results that a threshold temperature of 350°C writes a data

it �5,14�. One possible explanation is that, as shown in Fig. 3,
50°C is the temperature at which a bit is always written, regard-
ess of loading force. Another important parameter is that these
eports always wrote bits at 10–20 �s, for which the predictions
f Fig. 4 show that the threshold writing temperature is
00–350°C.

The shape of the cantilever tip can impact the onset writing
onditions. Previous work has shown that an AFM tip can wear
ver time �31,32�. The limits of data density in a thermomechani-
al data storage system depend on the sharpness of the cantilever
ip, and thus it is desirable to reduce the wear of the tip as much
s possible. The tip shape affects not only the size of the ultimate
it but also the time and temperature required for bit formation.

Errors in the analysis of bit writing originate from four sources:
odeling error for the thermal conductivity of the tip, differences

etween tabulated properties for bulk PMMA and the actual prop-
rties of PMMA in an ultrathin film, errors in modeling the value
f Fpl, and numerical errors. The most significant errors are mod-
ling errors, in which the simple modeling approach does not
ccurately capture all of the relevant physics. The phonon scatter-
ng model induces a temperature error of 15% through the as-
umption of constant Cv and additionally induces a temperature

ig. 4 Prediction of the threshold conditions of time, tempera-
ure, and tip loading force required to produce a data bit for a
0 nm tip radius of curvature. The predictions compare well
ith data. The gray area shows predictions for near-equilibrium
onditions.
rror of 5% in the interface resistance model. Errors in Fpl origi-
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nate from the approximate polymer flow model and from un-
known property values. The sum of these errors yields a total error
of +7% /−22% in time and +6% /−23% in temperature. Figure 4
shows the overall error of the present modeling approach through
error bars on the smooth prediction curves.

Conclusions
This paper describes simple modeling of the time, temperature,

and force required to form a data bit indentation with a heated
silicon probe tip. The predictions compare well with data for a tip
radius of 20 nm, a polymer layer thickness of 35 nm, and a range
of loading force, time, and heating temperature. The modeling and
simulation approach and results could be used to improve writing
rate and data density of thermomechanical data storage device.
One possible improvement in the cantilever design would be to
increase the cantilever resonance frequency while preserving the
cantilever spring constant, which would allow high loading forces
and improved cantilever mechanical response time. Improved ex-
periments that carefully track the physical parameters present in
thermomechanical data storage would motivate a more rigorous
study of heat flow in the cantilever tip and polymer mass trans-
port. The appropriate simulations would then consider the phonon
radiation problem in the tip and the full flow field in the polymer.
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Nomenclature
d 	 local tip diameter

dcontact 	 diameter of tip-polymer contact
k 	 thermal conductivity of tip

kcant 	 spring constant of cantilever
rtip 	 tip radius of curvature
tpl 	 thickness of melted polymer
v 	 average phonon velocity
x 	 vertical tip position
C 	 heat capacity of the silicon cantilever tip

Fload 	 tip loading force
Fpl 	 force with which polymer resists tip

penetration
G 	 polymer shear modulus

Rcontact 	 tip-polymer thermal contact resistance
Rspread 	 thermal spreading resistance in polymer

� 	 Poisson’s ratio in polymer
�pl 	 polymer viscosity
� 	 phonon mean free path
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