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Abstract— Single-crystal silicon cantilevers 1 m thick have
been demonstrated for use in high-density atomic-force microscopy (AFM) thermomechanical data storage. Cantilevers with
integrated piezoresistive sensors were fabricated with measured
sensitivities R=R up to 7.5 1007 per Å in close agreement
with theoretical predictions. Separate cantilevers with integrated
resistive heaters were fabricated using the same basic process.
Electrical and thermal measurements on these heating devices
produced results consistent with ANSYS simulations. Geometric
variants of the cantilever were also tested in order to study the
dependence of the thermal time constant on device parameters.
Depending on the design, time constants as low as 1 s were
achieved. A thermodynamic model was developed based on the
cantilevers geometry and material properties, and the model was
shown to predict device behavior accurately. A comprehensive
understanding of cantilever functionality enabled us to optimize
the cantilever for high-speed thermomechanical recording. [264]
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I. INTRODUCTION

M

ICROMACHINED cantilevers have been widely used
in atomic-force microscopy (AFM) for imaging purposes [1]–[3]. Alternate uses have also been explored, for
example in nanolithography [4]–[6] and high-density data
storage [7]–[10]. This paper describes recent developments
in one AFM-based recording technique in particular, that
of thermomechanical data storage [11], with a focus on the
integration of heating and deflection-sensing elements onto the
micromachined cantilevers.
In AFM thermomechanical data storage, digital information
is represented as submicron data pits on a rotating substrate.
In a typical implementation, the sharp tip of a cantilever
is kept in continuous contact with a spinning polycarbonate
disk by a weak loading force on the order of 10
N. For
writing, the cantilever tip is heated above the glass transition
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Fig. 1. Principle of thermomechanical data storage using (a) cantilevers
with built-in heaters for writing and (b) integrated piezoresistive sensors for
readback.

temperature of polycarbonate (which is approximately 120 C
while subjected to the loading force, thereby melting data pits
onto the substrate. For reading, the cantilever deflection is
measured as the tip rides over the pits. Bit densities up to
30 Gb/in (50 times CD-ROM) have been demonstrated [12].
With low-mass cantilevers, readback rates up to 1.2 Mb/s have
been achieved [12].
Originally, writing was achieved by heating the tip with
a laser beam, and reading was achieved by measuring the
deflection of a second laser beam off the cantilever. A major
disadvantage of this method is that the lasers are bulky and
require precise alignment. While some simplification has been
obtained using a tapered optical fiber as a cantilever [13], the
ultimate goal is to develop cantilevers with integrated reading
or writing elements that do not rely on lasers, as shown in
Fig. 1. For this purpose, we have developed single-crystal
silicon cantilevers with piezoresistive elements for readback,
based on the approach of Tortonese et al. [14]–[16]. We have
also made separate cantilevers with integrated resistive heaters
for writing [17], [18].
The ideal integrated cantilever will have to satisfy many
conditions simultaneously. In order to read marks at densities
of 20–50 Gb/in , it must have a tip with a radius of curvature
below 500 Å To achieve adequate signal-to-noise ratio, it
needs a sensor capable of detecting 10 Å of motion in the
readback bandwidth. The device must be soft, with a stiffness
of 1 N/m or less, to allow for operation at loads below 10
N, which is necessary to avoid wear of the tip or sample. At
the same time, the resonant frequency should be as high as
possible. The combination of low stiffness and high frequency
requires the cantilever to have low mass. For writing, an
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(a)

Fig. 2. Fabrication process for 1-m-thick cantilevers.

integrated element for heating the tip is required, and the
thermal time constant should be as short as possible, preferably
on the order of 1 s.
In this work, we have focused on two areas in particular. First, we have integrated piezoresistive sensors with
cantilevers that are at least two times thinner than previous
devices [14]–[16]. With a cantilever of stiffness 1 N/m, we
have measured a deflection sensitivity of 0.016 Å Hz and
a calculated resonant frequency of 280 kHz. To achieve
this combination, we had to use novel processing techniques
involving rapid thermal anneal to make thin cantilevers 1
m thick with piezoresistors confined to less than half the
cantilever thickness. Second, we have fabricated cantilevers
with integrated electrical heating elements and have observed
thermal time constants as low as 1 s We have implemented
both types of cantilevers on a rotating sample to demonstrate
reading and writing without lasers.
II. CANTILEVER FABRICATION
The fabrication process for the cantilevers, shown in Fig. 2,
has been adapted from reference [16]. The starting material
is a silicon-on-insulator (SOI) wafer [19] with a 5- m-top
silicon layer. In Fig. 2(a), an SF plasma etch is used to
undercut an oxide-resist mask to form a blunt tip, which is
then sharpened by low-temperature oxidation [Fig. 2(b)]. In
Fig. 2(c), the cantilever itself is patterned and 1000 Å of
thermal oxide is grown to form an electrical passivation layer.
(Because the oxide layer is thin, the curvature of the finished
cantilever due to stress in the oxide layer is insignificant.)
After this step, in a departure from [16], which calls for
preoxidation implantation, a series of boron implants are
performed through the 1000 Å of oxide [Fig. 2(d)]. In the
case of the piezoresistive cantilevers, a first boron implant is
performed at 40 keV with a dose 5 10 cm to form the
piezoresistive layer, and a second boron implant is performed
at 40 keV with a dose of 5 10 cm to produce heavily

(b)
Fig. 3. Scanning electron microscope images of (a) released cantilever and
(b) tip.

doped ohmic contact regions. (The implant sequence used to
make the heaters is slightly different and will be described
in the next section.) Instead of a conventional furnace anneal,
the implants are activated by a 10-s rapid thermal anneal at
1000 C in order to minimize boron diffusion. This results
in a shallow piezoresistive layer extending 0.4 m below
the cantilever surface [20]. In general, the shallower the
piezoresistive layer relative to the overall cantilever thickness,
the better the performance of the resulting piezoresistive
sensor. A variant of this rapid thermal anneal method has been
adopted by Ried et al. in producing piezoresistive cantilevers
0.34 m thick [21]. In Fig. 2(e), contact vias are etched
through the oxide, and aluminum is deposited and patterned
to form electrical connections to the cantilever. A backside
etch in tetramethyl ammonium hydroxide solution is used to
remove the bulk silicon underneath the cantilever [Fig. 2(f)].
A low-stress polyimide layer and a one-sided etch setup is
used to protect the front side of the wafer during this step.
Finally, the polyimide is removed in an oxygen plasma etch
to release the cantilevers.
Fig. 3 shows an scanning electron microscope (SEM) micrograph of a fabricated cantilever and a close-up of the tip.
The tip is seen to be very sharp, with a radius of curvature
below 300 Å Such a tip should be suitable for reading and
writing marks on a 1000-Å scale.
III. CHARACTERIZATION OF PIEZORESISTIVE CANTILEVERS
The sensitivity of the piezoresistive cantilevers was measured by placing the cantilever on a piezoelectric actuator
(which is part of an AFM) and oscillating the cantilever
support with the tip in contact with a fixed surface. Typical oscillation amplitudes were on the order of 1000 Å
The piezoresistive response for a given oscillation amplitude
was measured with a simple full bridge circuit based on a
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TABLE I
PIEZORESISTIVE CANTILEVERS FROM THIS WORK

Fig. 4. Noise spectrum of a 75-m piezoresistive cantilever. The theoretical
Johnson noise floor is shown as the dotted line. Inset: cantilever response to
100-Å modulation.

Burr–Brown INA103 instrumentation amplifier. This amplifier
has an input noise of 1 nV Hz and a gain-bandwidth product
of 100 MHz. We operated with a bridge supply voltage of
5 V (i.e., 2.5 V across each resistor) and a gain of 100.
Since the cantilever resistance was 5–30 k (depending on
length and doping concentration), the power dissipated in the
cantilever was 1 mW or less. Measured values of piezoresistive
sensitivity obtained for cantilevers of various lengths were in
close agreement with theory [16], [17].
For a 75- m-long cantilever, a piezoresistive sensitivity
of 7.5 10
per Å was measured. This compares
favorably to other piezoresistive sensors, while our device has
much lower stiffness. Compared with Tortonese et al. [15],
[16], our cantilever has a more favorable force figure of merit
due to its lower spring constant (Table I).
Fig. 4 shows the noise spectrum of a 75- m-long cantilever.
The observed noise floor of 1.6 10 Å Hz is very close to
the Johnson noise floor of 1.3 10 Å Hz With its knee
noise from 1–200 Hz is
around 200 Hz, the integrated
only about 0.5 Å The inset of Fig. 4 shows the response of the
cantilever to a 100-Å oscillation applied with the AFM. The
measurement bandwidth used in this experiment was 1–100
kHz, within which the minimum detectable displacement was
below 10 Å Since data pits on the polycarbonate disk are
typically 100–200 Å deep, piezoresistive readback of real data
pits should be possible at this bandwidth.
Fig. 5 shows readback signals obtained simultaneously for
a pair of 150- m-long piezoresistive cantilevers operated in
parallel. The cantilevers were operated on a spinning silicon
test sample with a rectilinear pattern of 1100-Å-deep grooves.
The bandwidth in this case was 30 kHz, and the linear velocity
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Fig. 5. Readback signals obtained in parallel with two 150-m piezoresistive
cantilevers operated on a spinning test sample with 1100-Å-deep grooves.

was approximately 20 mm/s. No independent load control was
used for the cantilevers. Because of the low stiffness of the
cantilevers, however, it was possible to bring both tips into
contact with the sample while maintaining acceptably low
loading forces, in this case below 5 10 N. Because these
cantilevers were relatively long, the sensitivity and bandwidth
were not as high as with the 75- m cantilever described in
Fig. 4. Still, this experiment does show the basic feasibility
of parallel piezoresistive readback with a reasonable signalto-noise ratio on a fast-rotating sample.
It is also desirable to perform similar readback tests with the
tip in contact with a polycarbonate sample instead of a silicon
sample. Such an environment is more representative of the
actual data-storage application and is expected to reduce tipsample wear. Long-term tip-sample wear characteristics have
been studied in greater detail in a separate experiment [22].

IV. CANTILEVERS

WITH INTEGRATED

HEATERS

In addition to piezoresistive cantilevers, the fabrication
process of Fig. 2 has also been used to produce heatercantilevers by selectively doping different parts of the cantilever. This is possible because the cantilever material is
single-crystal silicon, which can be doped to give a wide range
of resistivity. This is convenient for electrical heating, as it allows us to make the heating element and the leads of the same
material. Single-crystal silicon cantilevers have intrinsically
low stress and high thermal conductivity. Other approaches to
micromachined heating elements include polysilicon [23] and
nickel silicide [24].
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(a)

(b)

Fig. 6. Scanning electron microscope images of (a) Type-A boron-doped “nonconstricted” heater and (b) Type-B phosphorus-doped “constricted” heater. In
each case, the region enclosed by the brackets represents the lightly doped resistive heater while the rest of the cantilever is heavily doped.

The ion implant sequence used to make the heatercantilevers is slightly different from that for the piezoresistive
cantilevers. First, a low-dosage blanket implant is performed
on the entire cantilever and furnace-annealed for an extended
amount of time in order to establish an essentially uniform
background doping level. After that, the cantilever is subjected
to a heavy implant step during which a region around the tip
is masked off, and the implant is activated by rapid thermal
anneal. The masked region becomes a relatively lightly doped
region at the tip of the cantilever—the resistive heater—which
is electrically connected to the base via highly conducting legs
(see Fig. 6). The actual resistivity of the heater region can be
adjusted by changing the dosage of the first blanket implant
step. To operate the heater, a current pulse is passed through
the cantilever to cause significant power dissipation in the
heater region, resulting in a localized temperature rise. After
the pulse has passed, the heat is carried away mainly by
conduction down the legs to the base.
We have fabricated and tested two types of heatercantilevers: Type-A heaters [Fig. 6(a)] are boron doped, with
a background implant of 8 10 cm and a heavy implant
of 5 10 cm Type-B heaters [Fig. 6(b)] are phosphorus
doped, with a background implant of 1.5 10 cm and a
heavy implant of 10 cm An advantage of Type-A heaters
is that it is possible to make piezoresistive cantilevers and
heaters on the same die with shared boron implant steps.
An advantage of Type-B heaters is that with phosphorus it
is possible to dope silicon to higher electrical conductivity,
reducing the resistance of the cantilever legs. To improve
heating and cooling efficiency, Type-B devices also have
shorter, wider legs as well as a heater constriction.
V. THERMAL AND ELECTRICAL MEASUREMENTS
The thermal characteristics of the heaters can be probed
electrically, by using the temperature-dependent resistivity
of the heater as an on-board thermometer. This method of
measurement has previously been used to characterize microlamps [23] as well as commercial AFM cantilevers [25]. With
this method, it is first necessary to determine the temperature coefficient of resistance of the heaters. The temperature
coefficient of resistance has been measured for a 200- m-

long Type-A cantilever with an 8- m heater region. The
device chip was placed on a temperature-controlled chuck,
and an HP4155A semiconductor parametric analyzer was used
to apply a 100-mV test voltage across the 9-k cantilever
resistance and to measure the resulting current. Measurements
indicate positive temperature coefficients of resistance for the
legs and the heater region of approximately 0.1% and 0.3%/ C,
respectively. One would therefore expect that when a voltage
pulse is applied to the cantilever, its resistance would increase
as it heats up. This increase in resistance can be measured by
monitoring the current through the cantilever. After the pulse
has elapsed, the heater resistance would gradually decrease to
its room-temperature value as it cools. If a small dc test voltage
is present across the cantilever after the pulse has ended, this
decrease in resistance can be measured as well. It is therefore
possible to measure the temperature of the heater during both
the heating stage and the cooling stage. The rate of cooling
corresponds to the thermal time constant and determines how
fast successive marks can be written, i.e., the data writing
speed.
In one experiment, an 11-V 5- s heating pulse [Fig. 7(a)]
was applied across the Type-A heater. The instantaneous
current through the cantilever was determined from the voltage
across a 100- series resistor, and the oscilloscope trace is
reproduced in Fig. 7(b). Knowing the voltage and current,
the heater resistance can be calculated at every point in time.
Because the cantilever legs have a much greater thermal mass
than the heater region, its temperature excursions are small in
comparison, and therefore changes in its electrical resistance
introduce only a slight error into the calculations, below 5%
in this case.
To be able to continue monitoring the heater resistance after
the voltage pulse has elapsed, a constant 1-V dc offset was
applied. The value of 1 V was chosen to avoid significant
self-heating. The calculated heater resistance during and after
the heating pulse was converted to a temperature scale based
on the heater’s previously measured temperature coefficient
of resistance. The derived heater temperature is shown in
Fig. 7(c). It is seen the heating pulse caused the heater
temperature to rise to approximately 200 C [Fig. 7(c), solid
line]. Afterwards, the heater cooled toward room temperature
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TABLE II
ANSYS FINITE-ELEMENT ANALYSIS PARAMETERS. NOTE THE USE OF TEMPERATURE-DEPENDENT
MATERIAL PROPERTIES (THERMAL CONDUCTIVITY, SPECIFIC HEAT, AND ELECTRICAL RESISTIVITY)

the heater is now located in a constriction, which has a smaller
thermal mass that can be heated and cooled more efficiently.
VI. FINITE-ELEMENT ANALYSIS

Fig. 7. Electrical measurements for estimating Type-A heater temperature
during and after a heating pulse. (a) Applied voltage pulse (amplitude is 12
V at time 0–5 s and 1 V at all other times). (b) Measured current using a
100- sense resistor. (c) Derived heater temperature showing a thermal time
constant of approximately 10 s:

with a thermal time constant of about 10 s compared with
350–450 s for a commercial silicon cantilever without a
localized heater [25].
The thermal time constant of Type-B heaters was measured
using a similar electrical method. In this case, a 10-V 0.2s pulse was applied, and the result is shown in Fig. 8. It
is seen that the time constant for a 100- m-long cantilever
is approximately 0.8 s, one order of magnitude better than
for Type-A heaters. This is due to several reasons. First, the
Type-B geometry has shorter, wider legs, which form a better
thermal connection between the heater region and the base.
Second, the legs are phosphorus doped to higher conductivity,
allowing electrical power to be delivered more efficiently to
the heater and shorter heating pulses to be used. A shorter
heating pulse allows less time for the heat to diffuse from
the heater region to the surrounding silicon. The total heataffected volume is reduced and therefore easier to cool. Third,

Finite-element analysis with ANSYS software was performed to corroborate the experimental measurements on the
Type-A and Type-B heaters. The cantilever was represented
by a thermal/electrical finite-element model. Standard values
of silicon thermophysical properties [26] were used except
for thermal conductivity values, which were adjusted down
to reflect an experimentally observed reduction due to heavy
doping [27], [28], especially in thin silicon films [29]. (Attempts are being made to understand this phenomenon more
fully [30].) The variation of thermal conductivity and heat
capacity with temperature was represented by a temperaturedependent property table in ANSYS. Two different sets of
material properties were defined, one for the heavily doped
cantilever legs and another for the more lightly doped heater
region.
To reduce simulation time without sacrificing accuracy, a
variable mesh size was used for the finite-element model,
with the mesh being finest around the heater region where the
temperature gradient was expected to be steepest. Variable time
steps were also used to reduce simulation time. The smallest
time steps were used at the beginning of the simulation period,
when the temperature was expected to be changing most
rapidly due to the heating pulse. The simulation parameters
are listed in Table II.
The actual ANSYS simulation was performed as a transient
analysis in which a voltage pulse was applied to the finiteelement model, and the temperature rise at the heater region
was calculated at specified time intervals. The simulated
results, shown by the dotted line in Fig. 7(c) (for the Type-A
heater) and Fig. 8 (for the Type-B heater), agree closely with
experiment.
VII. LASER THERMOMETRY AND
VIBROMETRY MEASUREMENTS
A supplementary type of measurement laser thermometry
was used to corroborate the electrical measurements of the
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Fig. 8. Time-domain temperature variation of Type-B heater subjected to
single heating pulse. The measured thermal time constant is approximately
0.8 s, representing an order-of-magnitude improvement over Type-A heaters.
The dotted line shows finite-element simulation data obtained with ANSYS.

To confirm this hypothesis, we used a laser vibrometer
[33] to study the pure mechanical behavior of a cantilever
in response to a heating pulse. In this technique, a laser
interferometer is used to measure the motion of the cantilever
tip with angstrom-level resolution. The output of the vibrometer is shown in Fig. 9. A decaying sinusoidal oscillation is
observed, confirming the mechanical origins of the oscillation
in Fig. 9. From Fig. 9(b), the initial amplitude of the vibration
is estimated at 300 Å It should be pointed out that our
measurement of heat-induced mechanical oscillation in the
cantilevers does not imply a limitation to their use in data
storage. In operation, the cantilevers are placed in continuous
contact with the polycarbonate substrate, and the heat pulses do
not cause sufficient mechanical oscillation for loss of contact
to occur.
As supplementary techniques to electrical measurements,
laser thermometry and vibrometry make it possible to characterize cantilever behavior in detail. Laser thermometry can
provide spatially and temporally resolved measurements of
cantilever temperature; laser vibrometry can do the same for
cantilever motion. These two types of measurement will be
useful for developing improved cantilevers for thermomechanical data storage and other applications.

VIII. FREQUENCY-DOMAIN THERMAL ANALYSIS

Fig. 9. (a) Reflected laser power from Type-A heater subjected to heating
pulse: the dotted line represents the estimated reflectivity curve without
mechanical vibration. (b) Laser vibrometer output signal showing mechanical
vibration of cantilever tip.

heaters’ thermal behavior. Laser thermometry relies on the
fact that the optical reflectance of most materials varies with
temperature. While this type of measurement is commonly
used with metals with up to picosecond-level resolution, in
some cases it has been adapted for investigating semiconductor
devices [31] such as SOI power transistors [32]. In our
experimental setup, a low-power laser beam is focused on
a heater-cantilever, and the reflected power is measured at
different points in time. The results are used to estimate the
heater temperature and the thermal time constant.
Fig. 9 shows the reflected laser power from a location near
the tip of a 200- m-long Type-A cantilever in response to a
heating pulse. This curve shows two distinct phenomena: an
oscillation at 14 kHz and a decay time on the order of 10 s
The overall decay is believed to be related to the cantilever’s
temperature coefficient of reflectivity; the time constant for this
decay is consistent with the electrical resistance measurements.
In addition, the oscillation is believed to be due to a thermally
induced vibration. Since the cantilever has a 1000-Å oxide
layer, it is expected to show differential thermal expansion
when heated.

The time-domain electrical resistance measurements described above revealed only one of the characteristic time
constants of the cantilever. It is possible that longer secondary
time constants exist that were not readily observable due to
the short time scales used in the measurements. To further
understand the relationship between thermal time constants
and cantilever geometry, a frequency-domain measurement of
a Type-B heater was performed.
In this thermal analysis, a 1.5-V dc signal with a 0.1-V ac
component was applied across a Type-B cantilever. An HP
89410 vector analyzer was used to measure the input voltage
and the current through the heater (via a series sensing resistor)
and to calculate the resulting resistance in real time. This
resistance is expected to vary at the same frequency as the ac
component of the applied voltage, since the electrical power
supply to the heater varies at that frequency. The variation in
the resistance of the heater is therefore an indication of its
thermal fluctuation. By repeating the measurement at various
frequencies between 100 Hz to 1 MHz, a thermal response
profile can be obtained for the heater.
Certain general predictions can be made about the frequency
response. When the frequency of the ac component is low, the
heater temperature is expected to be able to fully follow the
variation in the electrical power supply. This is because the
heater region (i.e., the tip of the cantilever) can essentially
equilibrate itself with the remainder of the structure (i.e.,
the constriction, the legs and the base) at every point in
time by virtue of heat conduction through the cantilever.
At higher frequencies, however, the fluctuation in heater
temperature will decrease in amplitude because heat diffusion
along the cantilever legs is not rapid enough to allow full
thermal equalization between the constriction and the base. At
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(a)
(a)

(b)
Fig. 10. (a) Frequency-dependent temperature fluctuation of Type-B heater
subjected to sinusoidally varying-input power. The higher the frequency
of variation, the smaller the thermal fluctuation. Note the pole at 1 kHz
(corresponding to the time constant of the cantilever legs) and a less distinct one around 100 kHz (corresponding to that of the heater constriction). The 0-dB point on the y axis is arbitrary. (b) Capacitor-resistor
thermodynamic model based on the cantilever’s geometry and material
properties. The output signal is measured at point V. Component values: R1 = 12 000 K/W; C 1 = 0:6 nJ/K; R2 = 6000 K/W; and
C 2 = 0:01 nJ/K:

even higher frequencies, the constriction itself cannot support
adequate heat exchange between the heater and the legs, so
the heater temperature will remain nearly constant.
This prediction is confirmed by the experimental results
shown in Fig. 10(a). At low frequencies the temperature
fluctuation of the heater is largely constant, but beyond 1 kHz
the amplitude of fluctuation decays rapidly with frequency,
with an accelerated rate of decay occurring above 100 kHz.
Of special interest is the pole on the graph at 1 kHz. This pole
corresponds to a “slow” time constant of about 150 s and is
believed to be associated with the cantilever legs. This “slow”
time constant was not readily observable from the electrical
resistance measurements of Fig. 8.
For calibration purposes, the measurement was also performed on a carbon-film resistor, which undergoes no appreciable heating, and in this case essentially no apparent
resistance variation was observed except at frequencies approaching 1 MHz. This variation is believed to be associated
with signal distortion in the measurement circuitry rather than
the device under test, and the data in Fig. 10 has been adjusted
to account for this effect.
To verify the results of the frequency-domain analysis, we
analyzed the Type-B heater in SPICE using a thermodynamic
model based on the thermal resistances and capacitances of the

(b)
Fig. 11. Atomic-force microscopy image of sample data tracks written with
(a) Type-A heater using 16-V 20-s pulses with a period of 90–200 s (about
10 kb/s). (b) Type-B heater using 30-V 0.2-s pulses with a period of 7–14
s (about 100 kb/s).

cantilever. These values were calculated based on the actual
dimensions of the cantilever and the thermal conductivity
and heat capacity of silicon. The distributed nature of the
thermal resistances and capacitances was accounted for by
using multiple resistor and capacitor elements to represent each
of two sections of the cantilever (the leg and the constriction).
The heating element was modeled with an ac current source at
the heater tip [see Fig. 10(b)]. Using this model, a simulated
frequency response was obtained in good agreement with the
measured response. This result shows that it is indeed possible
to generate an accurate thermodynamic model for the heatercantilever based on its dimensions and material properties.
This type of thermodynamic modeling will prove useful for
designing future devices.

IX. THERMAL WRITING EXPERIMENTS
Basic functionality of the heaters have been demonstrated,
as shown by the AFM micrograph in Fig. 11. Sample data
tracks were written with the heater on a rotating polycarbonate
sample. The writing was very reliable, and different-sized
marks could be written by varying the pulse conditions.
The smallest marks in Fig. 11 correspond to bit densities
approaching 10 Gb/in , assuming a standard (2,7) code. Since
this experiment was aimed at comparing the writing speeds
of Type-A and Type-B heaters, the test conditions were not
necessarily optimized to produce the maximum bit density.
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Fig. 12. Measured and simulated thermal time constants for families of
Type-B heaters under repeated-pulse conditions. In general, it is seen that
shorter wider legs and smaller heater constrictions give rise to shorter time
constants. The “nominal” cantilever geometry from which variants are derived
16
1 m (for each leg) and
[see Fig. 6(b)] has dimensions 100
12
3
1 m (for the constriction).

2 2

2

2

With Type-A heaters, typical pulse parameters were 16 V
and 20 s with a period of 90–200 s, implying a writing
speed of approximately 10 kb/s. With Type-B heaters, the
pulse parameters were 30 V and 0.2 s with a period of 7–14
s, implying a writing speed of approximately 100 kb/s, or a
tenfold improvement.

is most likely due to the fact that the smaller thermal mass
associated with a narrower constriction can be heated and
cooled more efficiently—this effect apparently more than
offsets the reduced conductivity of the constriction itself.
From the measured data, it is seen that the optimal heater
design calls for as short and wide legs as possible and
as short and narrow a heater constriction as possible. This
rule is obviously subject to practical constraints imposed
by fabrication technology, mechanical robustness, and, most
importantly, the data-storage system itself. For example, the
constriction cannot be made too narrow or the cantilever
may break too easily. In addition, the heater region cannot
be made too small, in which case its electrical resistance
is overwhelmed by that of the legs, making it difficult to
deliver power to the heater itself. Most importantly, the
cantilever cannot be made too short and too wide, otherwise,
its spring constant exceeds the limit for wear-free operation on
polycarbonate substrates (approximately 1 N/m in this case).
An effective way of reducing the thermal time constant is
to use thinner cantilevers, since this allows shorter and wider
legs to be used without increasing the spring constant. For
example, given a required spring constant of 1 N/m, a 0.34m-thick cantilever can be designed with 40 m 16- m legs
and a 4 m 2- m constriction. This cantilever is expected
to have a thermal time constant below 0.5 s, according to
ANSYS modeling.

X. HEATER DESIGN OPTIMIZATION
In an attempt to find the optimal heater design and to show
that the cantilever behavior is understandable and predictable,
families of Type-B cantilevers with different geometric configurations were fabricated and tested. Finite-element simulations
were also performed for comparison. The measured and simulated thermal time constants are shown in Fig. 12. Cantilever
dimensions being varied include the length and width of the
cantilever legs as well as the length and width of the heater
constriction.
The measurements were performed with repeated heating
pulses rather than isolated ones, since the former condition
more closely resembles actual operation. In this case, the thermal time constant is expected to differ from the isolated-pulse
scenario because the cantilever assumes a pseudosteady-state
temperature profile in which the legs experience appreciable
heating. For the Type-B cantilever measured earlier, which
had a time constant of 0.8 s under isolated-pulse conditions,
it was found that under repeated-pulse conditions the time
constant increased slightly to 1.2 s This can be attributed
to the reduced heat-sinking capability of the legs, which were
at an elevated temperature. ANSYS modeling of this scenario
confirmed the slight increase in time constant and the elevated
temperature profile of the legs.
Measurements on the families of Type-B cantilevers
showed, not surprisingly, that the time constant decreases
with decreasing constriction length, decreasing leg length,
increasing leg width, and decreasing constriction width. The
first three trends can be explained by the fact that a smaller
thermal resistance from the heater (the cantilever tip) to the
heat sink (the cantilever base) is present when the constriction
is shorter and the legs are shorter and wider. The last trend

XI. CONCLUSIONS
In this report, we have described two novel capabilities
of AFM cantilevers. First, we have added built-in sensing
functionality onto low-stiffness cantilevers with integrated tips.
A new process was developed that allows for considerably
thinner piezoresistive cantilevers than previously possible, and
the process is scalable to even thinner cantilevers. Measured
sensitivity is in agreement with predictions, so that we can
calculate with confidence the type of cantilever needed to
achieve a given level of performance. The current cantilevers
are adequate for detecting 100–200-Å-deep features in a 100kHz bandwidth. They also show excellent
noise behavior.
A heater process was developed on separate cantilevers to
allow thermal writing without a laser. Thermal time constants
as low as 1 s were achieved with the appropriate cantilever
geometry and doping method. Systematic measurement and
simulation of different families of cantilevers enabled us to
predict an optimized heater design. The accuracy of ANSYSbased finite-element analysis and SPICE simulations was
established by virtue of their close agreement with experiment.
Furthermore, a thermodynamic model based on the cantilevers
material properties proved to be a valuable tool for understanding the thermal behavior of the device. Taken together, these
measurement and simulation techniques form a reliable design
methodology for future micromachined heaters.
Possibilities for future improvement in AFM thermomechanical data storage include the fabrication of combined
read/write devices based on the separately optimized piezoresistive cantilevers and resistive heaters described in this article.
Another area of improvement is the use of cantilever arrays
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to raise the data throughput. Simultaneous readback with two
piezoresistive cantilevers has already been demonstrated, as
shown in Fig. 5. Furthermore, the operation of cantilevers
in parallel has also been reported in AFM microscopy [34]
and nanolithography [35]. One of the advantages of micromachining is that the components are batch fabricated, so that
arrays of tips can be easily made. We have been routinely
able to fabricate arrays of four cantilevers with high yield,
and believe that even larger arrays are possible. Ultimately,
parallel operation may prove to be a very effective way of
improving the level of performance of AFM thermomechanical
data storage.
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