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Heat conduction governs the ultimate writing and reading capabilities of a thermomechanical data
storage device. This work investigates transient heat conduction in a resistively heated atomic force
microscope cantilever through measurement and simulation of cantilever thermal and electrical
behavior. The time required to heat a single cantilever to bit-writing temperature is peanid

the thermal data reading sensitivifR/R is near 1x 10 # per vertical nm. Finite-difference thermal

and electrical simulation results compare well with electrical measurements during writing and
reading, indicating design tradeoffs in power requirements, data writing speed, and data reading
sensitivity. We present a design for a proposed cantilever that is predicted to be faster and more
sensitive than the present cantilever. 2001 American Institute of Physics.

[DOI: 10.1063/1.1351846

In current magnetic data storage, the superparamagneticansfer during thermal data writing and reading. King and
effect limits magnetic domain stability and will ultimately co-worker§ showed that the temperature of the tip—polymer
limit room-temperature magnetic data density near 100nterface is significantly higher than the temperature induced
Gbiir?.! Several promising alternative data storage technoloin the substrate due to the presence of the heater cantilever
gies that could surpass this limit involve the use of scanningalone. These authors also showed that only a fraction of the
probe deviced. Thermomechanical data storage is one suchotal heat is transferred through the tip, and that much more
technology’~®> demonstrating data density as high as 400of the heat passes across the cantilever-sample ait gap,
Gb/ir*.® In thermomechanical data storage, a resistivelycluding that the presence of the heated tip permits data writ-
heated atomic force microscogAFM) cantilever writes a ing and that the presence of the heater cantilever permits data
data bit by scanning over a polymer substrate. Heat and forg@ading. Simultaneous improvement of cantilever writing
applied by the cantilever tip to the polymer cause it to softerand reading figures of merit is therefore possiigiven
and flow, writing a data bit, as shown in Fig®>T. The same
cantilever can be used to detect the presence of a previously
written data bit As the cantilever tip follows the contour of
a data bit, the reduction in thermal impedance between the
cantilever and the substrate causes a lower temperature rise
in the heated cantilever, also shown in Fig. 1.

Previous research on thermomechanical data storage has
focused on improving both data density and data rate. Silicon
cantilevers with small solid-state resistive heaters near the
cantilever tip allowed reduction of the cantilever heating
time* Array operation of heater cantilevers allows higher
data rates than a single cantilever configuration. We have
rece_ntly fabricated a functional array of 322_ heater Data Reading
cantilever§’ and report parallel writing and reading opera-
tion of this array in Ref. 7. Binnigt al® demonstrated a data
density of 400 Gb/irf.by writing thermomechanical data bits l ’
of diameter 40 nm in a poly-methylmethacrylaeMMA)
layer of thickness 40 nm. The very thin polymer layer con- ﬂ ﬂ
fines the polymer melted region to dimensions on the order @ @
of the polymer thickness, and limits tip penetration and
therefore data bit size. Recent research investigated heat I
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dAlso with IBM Research, Zurich Research LaboratoryuiBarstrasse
4/Postfach, 8803  Rachlikon, Switzerland; electronic  mail: FIG. 1. Thermomechanical data bit writing and thermal data reading with a
wking@vk.stanford.edu resistively heated AFM cantilever.
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FIG. 2. Scanning electron microscopy image of the measurement cantilever. 4 Is ;I; 1Io 1I2 14
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detailed measurement and modeling of cantilever behavior.
This letter reports measurement and simulation o
single-cantilever operation during data bit writing and ther-

mal data reading. An electrical and thermal simulation pre- . . . .
X : . ) . . . . ment, the simulation calculates the total cantilever electrical
dicts operation of a single cantilever identical in design to

the array cantilever of Despoat al® and is verified by elec- resistance, which determines the cantilever current at fixed

. : . driving voltage. The cantilever current determines the heat-
trical measurements. Figure 2 shows a scanning electron mi- o .
ing power at each position along the length of the cantilever.

crograph of the prese_nt cantilever. The S|mulat|0n 1S ther]I'he simulation agrees with analytical solutions to within 2%,
used to analyze a cantilever of a proposed new design. Table L : o

. ; . : nd further variation between measurement and simulation is
| lists the design attributes of both cantilevers. The propose

. . . . : ue to noise and parasitic capacitance in the cantilever.
cantilever is designed with a smaller heater region to reduce

the heating timéand has a shorter tip to increase the data Figure 3 shows measurement and prediction of the time

reading sensitivity. At 200 nm thickness, the present ca\ntilefequ're‘j for the cantilever to reach the writing temperature.

. . . . The thermomechanical writing temperature is taken to be
ver is the thinnest we have fabricated to date, for maximu o L L : .
. - L : 50 °C, which is the measured writing temperature in thin
thermal data reading sensitivityThe remaining cantilever

) . . . PP/IMA.F"7 Predictions indicate that the lowest applied volt-
dimensions are selected so as to achieve a 50% improvemen . . . .
age at which the present cantilever can write data is near 6 V.

in the cantilever mechanical resonant frequency. The canti- . L
) . . Figure 4 shows measurement and prediction of the en-
lever mechanical resonant frequency will approximately

govern the shortest time between repeated bit writing angd'dY r_equwed for_a cant_||ever to write a smgl_e df%ta bit. The
. diffusion of heat is confined to a smaller region in the can-
reading eventgsee, for example, Ref. 11

The writing measurement is made by placing the Canti_t|Iever for shorter heating pulses of higher voltage, which

) ) . . corresponds to the lower energy operation. The design of a
lever in series with a sense resistor of 3Q,kand square .
. . thermomechanical data storage system must balance the re-
voltage pulses of duration 1-2bs and pulse amplitude of

1-15 V drive the circuit. The measurement of the Voltagequirements of low power and voltage with the requirements
o ' : . of low energy consumption.
across the circuit and the sense resistor allows the calculation " _. -
Figure 5 shows measurement and prediction of the ther-

of cantilever resistance. Data reading sensitivity measureﬁ1al data reading sensitivity. Higher heating power corre-

ments are made by slowly moving the heated cantilever Intc%ponds to a greater change in the fraction of the heat that is
contact with the polymer surface.

A finite-difference simulation calculates electrical heattransferred across the cantilever-substrate air gap for a given

generation in the cantilever and heat transfer along the canc—hange In gap height. The cantilever temperature should not

tilever and into the nearby air, with a spatial resolution of 50be high enough to deform the polymer during reading. The

nm and an explicit time advancement of 1 ns. Circuit desig nonlinearity in the curve is due in part to the change in can-

modeld? calculate the temperature-dependent intrinsic CaEllever electrical resistance with temperature. Tips much

rier generation and the temperature-dependent electrical re-
sistivity of the doped silicon. The thermal conductivity of the O e
highly doped silicon cantilever is assumed to be 50 60|
Wm~ 1K~ at room temperatutdand vary as the inverse of

absolute temperature. For each simulation time advance-

IG. 3. Measurement and simulation of the time required to reach the bit-
riting temperature as a function of voltage applied to the cantilever.
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TABLE |. Design details for present and proposed cantilevers. Proposed |
- - 0 . Cantilever
Present cantilever Proposed cantilever 16 " Tpclgnored
Heater area BmxX7um 2 umx5 um M
Thickness 200 nm 200 nm 0 . . . .
Tip height 500 nm 200 nm 5 6 7
Leg width 10um 5um 10 10 10
Leg length 50um 20 um Writing Time™ (Hz)
Electrical resistance at 25 °C 212D 20120
Resonant frequency 220 kHz 330 kHz FIG, 4. Measurement and simulation of the energy required for 2 sinale

cantilever to write a data bit as a function of heating time.
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