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Abstract—Single-crystal silicon cantilevers 1pm thick have
been demonstrated for use in high-density atomic-force micro-
scopy (AFM) thermomechanical data storage. Cantilevers with
integrated piezoresistive sensors were fabricated with measured
sensitivities AR/R up to 7.5 x 107" per A 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 Fig. 1. Principle of thermomechanical data storage using (a) cantilevers
dependence of the thermal time constant on device parameterS.With built-in heaters for Writing and (b) integrated pieZOresiStiVe sensors for
Depending on the design, time constants as low as jis were readback.
achieved. A thermodynamic model was developed based on the

cantilevers geometry and material properties, and the model was L .
shown to predict device behavior accurately. A comprehensive f€mperature of polycarbonate (which is approximately 2P

understanding of cantilever functionality enabled us to optimize While subjected to the loading force, thereby melting data pits
the cantilever for high-speed thermomechanical recording. [264] onto the substrate. For reading, the cantilever deflection is
measured as the tip rides over the pits. Bit densities up to
| INTRODUCTION 3Q Gbiir? (50 tlmes.CD—ROM) have been demonstrated [12].

] . With low-mass cantilevers, readback rates up to 1.2 Mb/s have
M ICROMACHINED cantilevers have been widely useq,cen achieved [12].

in atomic-force microscopy (AFM) for imaging pur-  gyiginally, writing was achieved by heating the tip with

poses [1]-[3]. Alternate uses have also been explored, ©rjaqer heam, and reading was achieved by measuring the
example in nanolithography [4]-[6] and high-density datgefiection of a second laser beam off the cantilever. A major
§torage [7]_[13]' 'I('jh|s pa%gr desc;:bgs repent d,evell()pmﬁﬂEadvantage of this method is that the lasers are bulky and
mf %ne AFM- hasg lr%cor ing tec nlltiue I'nh pa]rctlcu ar, t %quire precise alignment. While some simplification has been
.Ott er:pomt;ch arll_ca eg% sftloratlge [14], .W't Ia OC%{'S or: n?f_l%tained using a tapered optical fiber as a cantilever [13], the
integration of heating and deflection-sensing elements onto h fimate goal is to develop cantilevers with integrated reading

micromachined canulevers. o . or writing elements that do not rely on lasers, as shown in
In AFM thermomechanical data storage, digital informatiop. : .
. 1. For this purpose, we have developed single-crystal

is represented as submicron data pits on a rotating substraffg. . ) ; .
: . . . . gllicon cantilevers with piezoresistive elements for readback,
In a typical implementation, the sharp tip of a cantilev

r
s kept I Contnuous contact with @ spnning poycarboraeSed 2 1 aperoach of oronesal 14] (16) e pave
disk by a weak loading force on the order of TON. For i 1$ 18 9
writing, the cantilever tip is heated above the glass transitkg%r writing [ . ] [18]. . . .
The ideal integrated cantilever will have to satisfy many
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Fig. 2. Fabrication process for Am-thick cantilevers. (b)

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

integrated element for heating the tip is required, and tf® tip.
thermal time constant should be as short as possible, preferably
on the order of 1us. doped ohmic contact regions. (The implant sequence used to

In this work, we have focused on two areas in partignake the heaters is slightly different and will be described
ular. First, we have integrated piezoresistive sensors withthe next section.) Instead of a conventional furnace anneal,
cantilevers that are at least two times thinner than previoti®e implants are activated by a 10-s rapid thermal anneal at
devices [14]-[16]. With a cantilever of stiffness 1 N/m, wel000 °C in order to minimize boron diffusion. This results
have measured a deflection sensitivity of 0.0ﬁ)ﬁx/ﬁ and in a shallow piezoresistive layer extending Q#n below
a calculated resonant frequency of 280 kHz. To achieylee cantilever surface [20]. In general, the shallower the
this combination, we had to use novel processing techniqugiezoresistive layer relative to the overall cantilever thickness,
involving rapid thermal anneal to make thin cantilevers the better the performance of the resulting piezoresistive
pm thick with piezoresistors confined to less than half theensor. A variant of this rapid thermal anneal method has been
cantilever thickness. Second, we have fabricated cantilevedopted by Riect al. in producing piezoresistive cantilevers
with integrated electrical heating elements and have obsen®84 um thick [21]. In Fig. 2(e), contact vias are etched
thermal time constants as low ag:$. We have implemented through the oxide, and aluminum is deposited and patterned
both types of cantilevers on a rotating sample to demonstradeform electrical connections to the cantilever. A backside

reading and writing without lasers. etch in tetramethyl ammonium hydroxide solution is used to
remove the bulk silicon underneath the cantilever [Fig. 2(f)].
II. CANTILEVER FABRICATION A low-stress polyimide layer and a one-sided etch setup is

The fabrication process for the cantilevers, shown in Fig. 95€d to protect _th?d front side OL the wafer durin? this Ste%
has been adapted from reference [16]. The starting mateﬁéﬁ'ally’ the polyimide is removed in an oxygen plasma etc

is a silicon-on-insulator (SOI) wafer [19] with a jm-top to Frfalegsehthe cantilever;. | . SEM) mi
silicon layer. In Fig. 2(a), an SFplasma etch is used to ig. 3 shows an scanning electron microscope ( ) mi-

undercut an oxide-resist mask to form a blunt tip, which grograph of a fabricated cantilever and a close-up of the tip.

then sharpened by low-temperature oxidation [Fig. 2(b)]. I'Rhe tip is seen to be very sharp, with a radius of curvature

Fig. 2(c), the cantilever itself is patterned and 10800f be_lc_)w 300A. Such a t'pOShOUId be suitable for reading and
thermal oxide is grown to form an electrical passivation IayeWrItIng marks on a 1006k scale.

(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 The sensitivity of the piezoresistive cantilevers was mea-
preoxidation implantation, a series of boron implants asured by placing the cantilever on a piezoelectric actuator
performed through the 1008 of oxide [Fig. 2(d)]. In the (which is part of an AFM) and oscillating the cantilever
case of the piezoresistive cantilevers, a first boron implantgapport with the tip in contact with a fixed surface. Typ-
performed at 40 keV with a dose>{~31014/cr’n2 to form the ical oscillation amplitudes were on the order of 1080
piezoresistive layer, and a second boron implant is perform&te piezoresistive response for a given oscillation amplitude
at 40 keV with a dose of & 10"’ /cn? to produce heavily was measured with a simple full bridge circuit based on a

CHARACTERIZATION OF PIEZORESISTIVE CANTILEVERS
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TABLE |
COMPARISON OF PIEZORESISTIVE CANTILEVERS FROM THIS WORK AND TORTONESEE€t al.
Ly (um) | t(um) | measured | £® | MDD® | FFOM®
AR/R per A
This work 75 1 7.5x10” 1.5 0.5 0.075
Tortonese et al [16] | 175 2 1.2x107 4 1.35 0.54
Tortonese ef al {15] 170 4 8.5x107 16.4 0.2 0.33

@ Calculated spring constant (N/m)
® Minimum detectable deflection in 10 Hz-1 kHz bandwidth (A)
© Force figure of merit (= MDD x k) (nN)
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Fig. 4. Noise spectrum of a 7m piezoresistive cantilever. The theoretical
Johnson noise floor is shown as the dotted line. Inset: cantilever response to
100A modulation.

Time (ms)

Fig. 5. Readback signals obtained in parallel with two 150-piezoresistive
cantilevers operated on a spinning test sample with 1&-@@ep grooves.

Burr—Brown INA103 instrumentation amplifier. This amplifier

has an input noise of 1 &4/Hz and a gain-bandwidth productwas approximately 20 mm/s. No independent load control was
of 100 MHz. We operated with a bridge supply voltage afised for the cantilevers. Because of the low stiffness of the
5V (i.e,, 2.5 V across each resistor) and a gain of 10Bantilevers, however, it was possible to bring both tips into
Since the cantilever resistance was 5-3D (depending on contact with the sample while maintaining acceptably low
length and doping concentration), the power dissipated in theding forces, in this case belowx510~% N. Because these
cantilever was 1 mW or less. Measured values of piezoresistisantilevers were relatively long, the sensitivity and bandwidth
sensitivity obtained for cantilevers of various lengths were Wwere not as high as with the 76 cantilever described in
close agreement with theory [16], [17]. Fig. 4. Still, this experiment does show the basic feasibility
For a 75um- Iong cantilever, a piezoresistive sensitivityof parallel piezoresistive readback with a reasonable signal-
AR/R of 7.5x 1077 perA was measured. This comparego-noise ratio on a fast-rotating sample.
favorably to other piezoresistive sensors, while our device hadt is also desirable to perform similar readback tests with the
much lower stiffness. Compared with Tortonesteal. [15], tip in contact with a polycarbonate sample instead of a silicon
[16], our cantilever has a more favorable force figure of megample. Such an environment is more representative of the
due to its lower spring constant (Table ). actual data-storage application and is expected to reduce tip-
Fig. 4 shows the noise spectrum of a Z8+-long cantilever. sample wear. Long-term tip-sample wear characteristics have
The observed noise floor of 18L02 ,&/\/m is very close to been studied in greater detail in a separate experiment [22].
the Johnson noise floor of 1:831072 A /v/Hz. With its knee
around 200 Hz, the integrately f noise from 1-200 Hz is
only about 0.5A. The inset of Fig. 4 shows the response of the IV. CANTILEVERS WITH INTEGRATED HEATERS

cantilever to a 106k oscillation applied with the AFM. The | addition to piezoresistive cantilevers, the fabrication
measurement bandwidth used in this experiment was 1-18l@cess of Fig. 2 has also been used to produce heater-
kHz, within which the minimum detectable displacement wagantilevers by selectively doping different parts of the can-
below 10A. Since data pits on the polycarbonate disk angever. This is possible because the cantilever material is
typically 100~200A deep, piezoresistive readback of real datéingle-crystal silicon, which can be doped to give a wide range
pits should be possible at this bandwidth. of resistivity. This is convenient for electrical heating, as it al-

Fig. 5 shows readback signals obtained simultaneously fots us to make the heating element and the leads of the same
a pair of 150pm-long piezoresistive cantilevers operated imaterial. Single-crystal silicon cantilevers have intrinsically
parallel. The cantilevers were operated on a spinning silictsw stress and high thermal conductivity. Other approaches to
test sample with a rectilinear pattern of 118@eep grooves. micromachined heating elements include polysilicon [23] and
The bandwidth in this case was 30 kHz, and the linear velocityckel silicide [24].
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(@) (b)

Fig. 6. Scanning electron microscope images of (a) Type-A boron-doped “nonconstricted” heater and (b) Type-B phosphorus-doped “consticted” heat
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 heatéwhg Type-A cantilever with an &m heater region. The
cantilevers is slightly different from that for the piezoresistivelevice chip was placed on a temperature-controlled chuck,
cantilevers. First, a low-dosage blanket implant is performethd an HP4155A semiconductor parametric analyzer was used
on the entire cantilever and furnace-annealed for an extendedapply a 100-mV test voltage across the (3-kantilever
amount of time in order to establish an essentially uniformsistance and to measure the resulting current. Measurements
background doping level. After that, the cantilever is subjectégdicate positive temperature coefficients of resistance for the
to a heavy implant step during which a region around the tiggs and the heater region of approximately 0.1% and G.G%/
is masked off, and the implant is activated by rapid thermgdspectively. One would therefore expect that when a voltage
anneal. The masked region becomes a relatively lightly dopggise is applied to the cantilever, its resistance would increase
region at the tip of the cantilever—the resistive heater—whi it heats up. This increase in resistance can be measured by
is electrically connected to the base via highly conducting leggonitoring the current through the cantilever. After the pulse
(see Fig. 6). The actual resistivity of the heater region can Rgs elapsed, the heater resistance would gradually decrease to
adjusted by changing the dosage of the first blanket implaf{ room-temperature value as it cools. If a small dc test voltage
step. To operate the heater, a current pulse is passed throlglyesent across the cantilever after the pulse has ended, this
the cantilever to cause significant power dissipation in the,rease in resistance can be measured as well. It is therefore
heater region, resulting in a localized temperature rise. Aftgpgsiple to measure the temperature of the heater during both

the pulse has passed, the heat is carried away mainly ¥ heating stage and the cooling stage. The rate of cooling

conduc:}ion d(?er;] the I((jags t(; the be(ljse. ¢ heggS0rresponds to the thermal time constant and determines how
W? ave fabricated an _teste two types o eatgr st successive marks can be written, i.e., the data writing
cantilevers: Type-A heaters [Fig. 6(a)] are boron doped, wi
a background implant of & 10'?/cm? and a heavy implant

of 5 x 10 Jor?. Type-B heaters [Fig. 6(b)] are phosphoru In one experiment, an 11-V ps heating pulse [Fig. 7(a)]

Was applied across the Type-A heater. The instantaneous

doped, with a background implant of 1:510"*/cn? and a ) .
: current through the cantilever was determined from the voltage
heavy implant of 16F /cn?. An advantage of Type-A heaters : . . ;
agross a 10@2 series resistor, and the oscilloscope trace is

is that it is possible to make piezoresistive cantilevers and duced in Fi 7(b). Knowing the voltage and current
heaters on the same die with shared boron implant ste P 9: ’ 9 g '

An advantage of Type-B heaters is that with phosphorusR}e heatetrhre5|ste:_rl10e c?n behcalculated r<]':1t evetry ?r?mt |nI time.
is possible to dope silicon to higher electrical conductivitt ecatjhseh etcan never .fgts ave atmuc greater therma n:lqss
reducing the resistance of the cantilever legs. To imprO\)%an € heater region, 1tS tlemperature excursions are smail in

heating and cooling efficiency, Type-B devices also ha\%)mparison, and therefore changes in its electrical resistance
shorter, wider legs as well as a’ heater constriction introduce only a slight error into the calculations, below 5%

in this case.
To be able to continue monitoring the heater resistance after
V. THERMAL AND ELECTRICAL MEASUREMENTS the voltage pulse has elapsed, a constant 1-V dc offset was

The thermal characteristics of the heaters can be probeplied. The value of 1 V was chosen to avoid significant
electrically, by using the temperature-dependent resistividglf-heating. The calculated heater resistance during and after
of the heater as an on-board thermometer. This methodth¢ heating pulse was converted to a temperature scale based
measurement has previously been used to characterize miem-the heater's previously measured temperature coefficient
lamps [23] as well as commercial AFM cantilevers [25]. Witlof resistance. The derived heater temperature is shown in
this method, it is first necessary to determine the tempefég. 7(c). It is seen the heating pulse caused the heater
ture coefficient of resistance of the heaters. The temperatteenperature to rise to approximately 200 [Fig. 7(c), solid
coefficient of resistance has been measured for a;200- line]. Afterwards, the heater cooled toward room temperature
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TABLE 1l
ANSYS HRNITE-ELEMENT ANALYSIS PARAMETERS. NOTE THE USE OF TEMPERATUREDEPENDENT
MATERIAL PROPERTIES(THERMAL CONDUCTIVITY, SPECIFIC HEAT, AND ELECTRICAL RESISTIVITY)

Type A Heaters Type B Heaters
Heavily doped legs | Lightly doped heater | Heavily doped legs | Lightly doped heater
Temperature (K) 300 { 400 | 600 | 300 | 400 | 600 § 300 | 400 | 600 } 300 { 400 | 600
Thermal conductivity (W/m.K) 52 34 22 112 76 50 106 74 46 127 89 55
Specific heat (J/kg.K) | 712 | 790 | 867 | 712 [ 790 | 867 | 712 | 790 | 867 | 712 | 790 | 867
Electrical resistivity (uQ.m) 94 } 108 | 140 J3200}4750{6500F 24 [ 30 | 41 | 265 | 320 | 428

Density (kym3) 2330 2330 2330 2330
Mesh size Ranges from Ranges from
1 pm (around heater region) to 1 pm (around heater region) to
8 um (near cantilever base) 8 um (near cantilever base)
Time steps 0.02 ps (from t = 0 ps to 10 ps) 0.005 ps (from t = 0 pus to 0.5 ps)
0.05 ps (from t = 10 ps to 20 us) 0.01 ps (fromt = 0.5 psto 1 pus)
0.2 ps (from t = 20 ps to 50 ps) 0.025 pus (fromt = 1 ps to 2.5 ps)
0.5 ps (from t = 50 us to 100 ps) 0.05 ps (from t = 2.5 ps to 5 us)
e the heater is now located in a constriction, which has a smaller
(a) ; thermal mass that can be heated and cooled more efficiently.

VI. FINITE-ELEMENT ANALYSIS

T A S A AU T ST U I U G & B S Y

(b) ;

Finite-element analysis with ANSYS software was per-
formed 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
AP T : of silicon thermophysical properties [26] were used except
— measured| (©) 7 for thermal conductivity values, which were adjusted down
1o b % |- simulated ] to reflect an experimentally observed reduction due to heavy
doping [27], [28], especially in thin silicon films [29]. (At-
tempts are being made to understand this phenomenon more

200 |-

100 [

Temperature (°C) Current(mA) Voltage (V)

50 |- I Thermal fully [30].) The variation of thermal conductivity and heat
o i [ime constant capacity with temperature was represented by a temperature-

0 10 20 30 40 50 dependent property table in ANSYS. Two different sets of
Time (ps) material properties were defined, one for the heavily doped

ntilever | nd another for the more lightl h r
Fig. 7. Electrical measurements for estimating Type-A heater temperatca tilever legs a d another for the more ghtly dOped eate

during and after a heating pulse. (a) Applied voltage pulse (amplitude is fegion. _ _ _ _ o
V at time 0-5us and 1 V at all other times). (b) Measured current using a To reduce simulation time without sacrificing accuracy, a

100+ sense resistor. (c) Derived heater temperature showing a thermal t'{}‘énable mesh size was used for the finite-element model,
constant of approximately 10s with the mesh being finest around the heater region where the
temperature gradient was expected to be steepest. Variable time

with a thermal time constant of about 18, compared with steps were also used to reduce simulation time. The smallest

350-450 s for a commercial silicon cantilever without atime steps were used at the beginning of the simulation period,

localized heater [25]. when the temperature was expected to be changing most
The thermal time constant of Type-B heaters was measuregidly due to the heating pulse. The simulation parameters

using a similar electrical method. In this case, a 10-V 0.2ve listed in Table II.

us pulse was applied, and the result is shown in Fig. 8. It The actual ANSYS simulation was performed as a transient

is seen that the time constant for a 1@@-long cantilever analysis in which a voltage pulse was applied to the finite-

is approximately 0.8:s, one order of magnitude better tharglement model, and the temperature rise at the heater region

for Type-A heaters. This is due to several reasons. First, th@s calculated at specified time intervals. The simulated

Type-B geometry has shorter, wider legs, which form a bettigsults, shown by the dotted line in Fig. 7(c) (for the Type-A

thermal connection between the heater region and the bdiater) and Fig. 8 (for the Type-B heater), agree closely with

Second, the legs are phosphorus doped to higher conductiviPeriment.

allowing electrical power to be delivered more efficiently to

the heater and shorter heating pulses to be used. A shorter VIl L ASER THERMOMETRY AND

heating pulse allows less time for the heat to diffuse from VIBROMETRY MEASUREMENTS

the heater region to the surrounding silicon. The total heat-A supplementary type of measurement laser thermometry
affected volume is reduced and therefore easier to cool. Thirdas used to corroborate the electrical measurements of the

Authorized licensed use limited to: Stanford University. Downloaded on November 21, 2008 at 12:39 from IEEE Xplore. Restrictions apply.



74

300

200

100

Temperature (°C)

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 7, NO. 1, MARCH 1998

——— measured
————— simulated

2 3 4 5
Time (ps)

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 vibrom-
eter 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 300A. It should be pointed out that our

measurement of heat-induced mechanical oscillation in the

Fig. 8. Time-domain temperature variation of Type-B heater subjected - . L . .
single heating pulse. The measured thermal time constant is approximaé%)mt”evers does not |mpIy a limitation to their use in data

0.8 s, representing an order-of-magnitude improvement over Type-A heatestOrage. In operation, the cantilevers are placed in continuous
The dotted line shows finite-element simulation data obtained with ANSY&ontact with the polycarbonate substrate, and the heat pulses do
not cause sufficient mechanical oscillation for loss of contact
to occur.

g 200 g 'E As supplementary techniques to electrical measurements,
g 150 R laser thermometry and vibrometry make it possible to char-
g ] acterize cantilever behavior in detail. Laser thermometry can
2 100 E provide spatially and temporally resolved measurements of
k5 B cantilever temperature; laser vibrometry can do the same for
T ] cantilever motion. These two types of measurement will be
2 50 B useful for developing improved cantilevers for thermomechan-
g 0 . ical data storage and other applications.
=3 =
E 100 = VIIl. FREQUENCY-DOMAIN THERMAL ANALYSIS
g 0 ; 3 The time-domain electrical resistance measurements de-
Q L . scribed above revealed only one of the characteristic time
o -100 - constants of the cantilever. It is possible that longer secondary
2 b b b B d time constants exist that were not readily observable due to
0 S0 100 150 200 250 the short time scales used in the measurements. To further
Time (us) understand the relationship between thermal time constants

, , and cantilever geometry, a frequency-domain measurement of
Fig. 9. (a) Reflected laser power from Type-A heater subjected to heating

pulse: the dotted line represents the estimated reflectivity curve Withd’atType.'B heater was p(_arformed. ) .
mechanical vibration. (b) Laser vibrometer output signal showing mechanical In this thermal analysis, a 1.5-V dc signal with a 0.1-V ac

vibration of cantilever tip. component was applied across a Type-B cantilever. An HP
89410 vector analyzer was used to measure the input voltage
heaters’ thermal behavior. Laser thermometry relies on thad the current through the heater (via a series sensing resistor)
fact that the optical reflectance of most materials varies wittnd to calculate the resulting resistance in real time. This
temperature. While this type of measurement is commonigsistance is expected to vary at the same frequency as the ac
used with metals with up to picosecond-level resolution, icomponent of the applied voltage, since the electrical power
some cases it has been adapted for investigating semicondustmply to the heater varies at that frequency. The variation in
devices [31] such as SOl power transistors [32]. In ouhe resistance of the heater is therefore an indication of its
experimental setup, a low-power laser beam is focused thrermal fluctuation. By repeating the measurement at various
a heater-cantilever, and the reflected power is measuredfratjuencies between 100 Hz to 1 MHz, a thermal response
different points in time. The results are used to estimate tpeofile can be obtained for the heater.
heater temperature and the thermal time constant. Certain general predictions can be made about the frequency
Fig. 9 shows the reflected laser power from a location ne@sponse. When the frequency of the ac component is low, the
the tip of a 200xm-long Type-A cantilever in response to eheater temperature is expected to be able to fully follow the
heating pulse. This curve shows two distinct phenomena: aariation in the electrical power supply. This is because the
oscillation at 14 kHz and a decay time on the order ofus0 heater region (i.e., the tip of the cantilever) can essentially
The overall decay is believed to be related to the cantilevegguilibrate itself with the remainder of the structure (i.e.,
temperature coefficient of reflectivity; the time constant for thihe constriction, the legs and the base) at every point in
decay is consistent with the electrical resistance measuremetitse by virtue of heat conduction through the cantilever.
In addition, the oscillation is believed to be due to a thermallyt higher frequencies, however, the fluctuation in heater
induced vibration. Since the cantilever has a 1800xide temperature will decrease in amplitude because heat diffusion
layer, it is expected to show differential thermal expansicalong the cantilever legs is not rapid enough to allow full
when heated. thermal equalization between the constriction and the base. At
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Fig. 10. (a) Frequency-dependent temperature fluctuation of Type-B heater (b)

subjected to sinusoidally varying-input power. The higher the frequency

of variation, the smaller the thermal fluctuation. Note the pole at 1 kHzig. 11. Atomic-force microscopy image of sample data tracks written with
(corresponding to the time constant of the cantilever legs) and a less di) Type-A heater using 16-V 20s pulses with a period of 90-20% (about

tinct one around 100 kHz (corresponding to that of the heater constritd kb/s). (b) Type-B heater using 30-V Qu2 pulses with a period of 7-14
tion). The 0-dB point on they axis is arbitrary. (b) Capacitor-resistor #s (about 100 kb/s).

thermodynamic model based on the cantilever's geometry and material

properties. The output signal is measured at point V. Component val-

ues: R1 = 12000 KW, C1 = 0.6 nJ/K R2 = 6000 K/W, and cantilever. These values were calculated based on the actual

€2 = 001 ik dimensions of the cantilever and the thermal conductivity
and heat capacity of silicon. The distributed nature of the
even higher frequencies, the constriction itself cannot supptfiermal resistances and capacitances was accounted for by

adequate heat exchange between the heater and the leg$!Sétg multiple resistor and capacitor elements to represent each
the heater temperature will remain near|y constant. of two sections of the cantilever (the Ieg and the constriction).

This prediction is confirmed by the experimental resultshe heating element was modeled with an ac current source at

shown in Fig. 10(a). At low frequencies the temperatut@e heater tip [see Fig. 10(b)]. Using this model, a simulated
fluctuation of the heater is largely constant, but beyond 1 kH#gquency response was obtained in good agreement with the
the amplitude of fluctuation decays rapidly with frequency€asured response. This result shows that it is indeed possible
with an accelerated rate of decay occurring above 100 kH®. 9enerate an accurate thermodynamic model for the heater-
Of special interest is the pole on the graph at 1 kHz. This pdf@ntilever based on its dimensions and material properties.
corresponds to a “slow” time constant of about }89and is Th|§ type of thermodynamlc modeling will prove useful for
believed to be associated with the cantilever legs. This “slofeSigning future devices.
time constant was not readily observable from the electrical
resistance measurements of Fig. 8.

For calibration purposes, the measurement was also per- IX. THERMAL WRITING EXPERIMENTS

formed on a carbon-film resistor, which undergoes no ap-Basic functionality of the heaters have been demonstrated,
preciable heating, and in this case essentially no apparg8tshown by the AFM micrograph in Fig. 11. Sample data
resistance variation was observed except at frequencies @fcks were written with the heater on a rotating polycarbonate
proaching 1 MHz. This variation is believed to be associate@gmple. The writing was very reliable, and different-sized
with signal distortion in the measurement circuitry rather thamarks could be written by varying the pulse conditions.
the device under test, and the data in Fig. 10 has been adjustad smallest marks in Fig. 11 correspond to bit densities
to account for this effect. approaching 10 Gb/fm assuming a standard (2,7) code. Since
To verify the results of the frequency-domain analysis, wiis experiment was aimed at comparing the writing speeds
analyzed the Type-B heater in SPICE using a thermodynanait Type-A and Type-B heaters, the test conditions were not
model based on the thermal resistances and capacitances ohteessarily optimized to produce the maximum bit density.
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1.6 is most likely due to the fact that the smaller thermal mass
1.4 _ T associated with a narrower constriction can be heated and
120 cooled more efficiently—this effect apparently more than
1ol i offsets the reduced conductivity of the constriction itself.

ol Leglength| | Legwidth From the measured data, it is seen that the optimal heater

Thermal time constant (us)

50 7'5 100 125 8 12 16 20um design calls for as short and wide legs as possible and

1.6 et e as short and narrow a heater constriction as possible. This
onstriction Constriction . . . . . .

1.4 [ length - width rule is obviously subject to practical constraints imposed

1.2 B by fabrication technology, mechanical robustness, and, most

1.0 importantly, the data-storage system itself. For example, the

0.8 s ) ) . L constriction cannot be made too narrow or the cantilever

6 12 18 24 2 3 4pum may break too easily. In addition, the heater region cannot
. . . - bg made too small, in which case its electrical resistance
Fig. 12. Measured and simulated thermal time constants for families 0 . o ege
Type-B heaters under repeated-pulse conditions. In general, it is seen fﬁat‘?verWhelmed by that of th? legs, maklng it difficult to
shorter wider legs and smaller heater constrictions give rise to shorter tidleliver power to the heater itself. Most importantly, the
constants. The “nominal” cantilever geometry from which variants are deriventilever cannot be made too short and too wide. otherwise
[see Fig. 6(b)] has dimensions 10& 16 x 1 um (for each leg) and . } . ’ . '
12 x 3 x 1 um (for the constriction). its spring constant exceeds the I|m_|t for Wear-free_ope_ratlon on
polycarbonate substrates (approximately 1 N/m in this case).
i ) An effective way of reducing the thermal time constant is
With Type-A heaters, typical pulse parameters were 16 i ;se thinner cantilevers, since this allows shorter and wider
and 20ys with a period of 90-20Q:s, implying @ writing |egs to be used without increasing the spring constant. For

speed of approximately 10 kb/s. With Type-B heaters, thgample, given a required spring constant of 1 N/m, a 0.34-
pulse parameters were 30 V and @2 with a period of 7-14 | 1, thick cantilever can be designed with 4 x 16-um legs

1, implying a writing speed of approximately 100 kb/s, or gnq 4 4,m x 2-um constriction. This cantilever is expected

tenfold improvement. to have a thermal time constant below .5, 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, Xl CONCLUSIONS
families of Type-B cantilevers with different geometric config- In this report, we have described two novel capabilities
urations were fabricated and tested. Finite-element simulatiafsSAFM cantilevers. First, we have added built-in sensing
were also performed for comparison. The measured and sinfunctionality onto low-stiffness cantilevers with integrated tips.
lated thermal time constants are shown in Fig. 12. Cantilev&rnew process was developed that allows for considerably
dimensions being varied include the length and width of ththinner piezoresistive cantilevers than previously possible, and
cantilever legs as well as the length and width of the heatitse process is scalable to even thinner cantilevers. Measured
constriction. sensitivity is in agreement with predictions, so that we can

The measurements were performed with repeated heatoajculate with confidence the type of cantilever needed to
pulses rather than isolated ones, since the former conditiachieve a given level of performance. The current cantilevers
more closely resembles actual operation. In this case, the thae adequate for detecting 100-28@teep features in a 100-
mal time constant is expected to differ from the isolated-pulé&iz bandwidth. They also show excelleihtf noise behavior.
scenario because the cantilever assumes a pseudosteady-stétéheater process was developed on separate cantilevers to
temperature profile in which the legs experience apprecialalbow thermal writing without a laser. Thermal time constants
heating. For the Type-B cantilever measured earlier, whiels low as 1s were achieved with the appropriate cantilever
had a time constant of 0,85 under isolated-pulse conditionsgeometry and doping method. Systematic measurement and
it was found that under repeated-pulse conditions the tirsemulation of different families of cantilevers enabled us to
constant increased slightly to 1;%. This can be attributed predict an optimized heater design. The accuracy of ANSYS-
to the reduced heat-sinking capability of the legs, which webmsed finite-element analysis and SPICE simulations was
at an elevated temperature. ANSYS modeling of this scenasgstablished by virtue of their close agreement with experiment.
confirmed the slight increase in time constant and the elevategrthermore, a thermodynamic model based on the cantilevers
temperature profile of the legs. material properties proved to be a valuable tool for understand-

Measurements on the families of Type-B cantileversg the thermal behavior of the device. Taken together, these
showed, not surprisingly, that the time constant decreasasasurement and simulation techniques form a reliable design
with decreasing constriction length, decreasing leg lengtmethodology for future micromachined heaters.
increasing leg width, and decreasing constriction width. The Possibilities for future improvement in AFM thermome-
first three trends can be explained by the fact that a smalldranical data storage include the fabrication of combined
thermal resistance from the heater (the cantilever tip) to thead/write devices based on the separately optimized piezore-
heat sink (the cantilever base) is present when the constrict&stive cantilevers and resistive heaters described in this article.
is shorter and the legs are shorter and wider. The last treddother area of improvement is the use of cantilever arrays
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to raise the data throughput. Simultaneous readback with tyua]

7

B. W. Chui, H. J. Mamin, B. D. Terris, T. D. Stowe, D. Rugar, and

piezoresistive cantilevers has already been demonstrated, as T. W. Kenny, “Low-stiffness silicon cantilevers for thermal writing and

shown in Fig. 5. Furthermore, the operation of cantilevers

in parallel has also been reported in AFM microscopy [34}8]
and nanolithography [35]. One of the advantages of microma-
chining 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 yieldiég]
and believe that even larger arrays are possible. Ultimatejy;]
parallel operation may prove to be a very effective way of

improving the level of performance of AFM thermomechanical

data storage. [22]
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