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Comparison of thermal and piezoresistive sensing approaches for atomic
force microscopy topography measurements
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Atomic force microscope cantilevers with integrated piezoresistive displacement sensors are widely
used for nanometer-scale topographic measurement and force sensing. Heated cantilevers used in
thermomechanical data storage are a promising alternative for topographic measurement. For both
cantilever types, this letter models and predicts cantilever displacement sensitivity and noise-limited
displacement resolution. The predictions for the thermal cantilever sensitivity compare well with
data. Comparing the thermal cantilever with a similarly sized piezoresistive cantilever, the thermal
cantilever provides more than one order of magnitude improved performance in both sensitivity and
resolution over the piezoresistive cantilever2@04 American Institute of Physics
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Micromachined cantilevers have become widely em-reportedAR/R sensitivity of as high as 10 per vertical nm.
ployed for atomic force microscog@dFM) measurement of The sensitivity of this thermal cantilever is much higher than
surface topographic informatidrDisplacement of the canti- commercially available piezoresistive cantilevers and thus
lever is typically detected by the movement of a reflectecholds promise as a metrology technique with usefulness be-
laser beam on a photodetector. Optical methods can beconygnd data storage. The question that remains is: “What are
inconvenient where many cantilevers operate in parallel, anghe |imits of extending this data bit reading approach for

so cantilevers with integrated displacement sensors are Us%bographic sensing, and how does this compare to piezore-
for large parallel arrays. The most common approach fo%istive AEM cantilevers’7 "

Integration IS with p!ezore3|st|ve stra_un sens%)ﬁmot.her ap- In the thermal detection approach for thermomechanical
proach for integrating the sensor into the cantilever is in . : . . . .
data storagé,a resistor in the cantilever is electrically biased

thermomechanical data storage, where a heated cantilever

detects data bits by measuring temperature changes that o that the cantilever is heated above ambient temperature.

respond to changes in the cantilever—substrate thermz-a[lhis eame heating resistor has a temperature coefficient of
resistancd, shown in Fig. 1. Recent work measured angd€lectrical resistance such that the cantilever temperature can
modeled the mechanism of data readinghich aided the be precisely calibrated and subsequently monitored. The
design of improved cantilevePsWhile their sensing mecha- temperature of the cantilever is determined by the heat input
nisms are fundamentally different, both cantilever types hav@nd the thermal conduction to the surroundings. The height-
a sensitivity and resolution that depends upon the electricalependent conductance from the cantilever he@gs, is
and thermal characteristics of the cantilever. This letter modgiven as
els the operation of thermal and piezoresistive cantilevers of
nearly identical size and shape, and for a range of electrical
operation predicts the sensitivity and resolution of each.
Local probe measurements that depend upon tempera-
ture or the flow of heat for microscopy are well known.

Higher Thermal Resistance

. . ; A Heater Platform Cantilever Leg
While the present thermal detection technique is in essence
similar to that of the scanning thermal profilomeetelne ther- _
mal data storage cantilever has a much higher sensitivity due GantIEE,

to the differences in heater configuration, operation, and ma- g “
terials properties. In scanning thermal microscopy, tempera-
ture maps can be made of surfaces using a thermocouple or
thermistor located at the end of the cantile{/&patial tem- Lower Thermal Resistance
perature resolution is possible in the 50 nm range.
Thermal detection of “data bit” topography in thermo- |
mechanical data storage has resolution governed by the con-
ductance from the cantilever and the size of the tip, which “
has a radius of curvature of near 20 ArRreviously pub-

lished workR commenting on cantilever reading sensitivity FIG. 1. Thermal reading of surface topograplsge Ref. & The thermal
resistance between the cantilever and the substrate varies as the cantilever
tip follows the surface topography, producing a measurable change in the
¥Electronic mail: william.king@me.gatech.edu cantilever heating temperature.
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wherekg;, is the thermal conductivity of the awpeaeiS the

heater width l,cariS the heater lengtlg is the cantilever—

substrate height, anki., is the cantilever thermal conduc- i
tivity of the cantilever. The three terms in Ed.) correspond %% Weant
to the thermal conductance from the cantilever heater across
the air gap into the substrate, into the air, and along the
cantilever Ieg§. Equation(1) assumes that the cantilever is
parallel with a flat substrate, that the thermal impedance of

Piezoresistive Cantilever

the cantilever—substrate air gap is large compared to the ther- < feant _
mal impedance in the substrate, and that there is an exponen-
tial temperature drop along the length of the cantilever. - I
The distance between the cantilever heater platform and cant !
a surface changes as the cantilever tip scans over a structured Wpiezo

surface, resulting in a change in conductance from the can-
.t"ever.' For a constant heating po"‘.’er’ this results in a Ch.ang.EIG. 2. lllustration of the thermal and piezoresistive cantilever geometry
in resistance, and also a change in voltage. For operation i sidered in this letter.
series with a resistance equal to the cantilever, the voltage
sensitivity is ) )
lel the first three terms of Eql), while the fourth term

N —aVﬁ&G corresponds to thermal conduction from the piezoresistor
= (2)  into the substrat®.

The ability to detect small displacements is limited by
where « is the temperature coefficient of electrical resis-several factors, including amplifier noise, Johnson noise,
tance,V, is the bridge bias voltage, ariflis the cantilever thermomechanical noise, andflroise. While there are sev-
electrical resistance, calculated from solid state molfels. eral proposed mechanisms behindf Inbise, it has been
The parametex depends upon the doping concentration andshown that a model for this noise offered by Hooge provides
type, which at present have not been optimized for improvedn excellent empirical fit to dafaand that it competes with
sensitivity. Johnson and amplifier noise only for very lightly doped pi-

For a piezoresistive cantilever operated in series with a&zoresistors in very thin cantilevers, or at low frequencies,
resistance equal to that of the cantilever, the voltage sensand this analysis neglects it. Amplifier noise is also ne-

gz 8GRz’

tivity to small displacements is glected, although it will be an important practical consider-
ation for both cantilever types. The total thermal and Johnson
AV _ 3Et noise in the cantilevers will have a magnitﬂﬁie
= BmVy 2 (3
Az 4
where AV is the change in bridge output voltagkz is the Vioise= \/ (avb'r)2% +4kgTR, (5)

vertical displacement of the cantilever tig,is a parameter
that varies between zero and unity based upon the piezorghare T is the cantilever temperature afkg is the Boltz-
sistor doping profiles_is the piezoresistive Coefficieris — ann constant. The first part of E@) refers to the thermal
the cantilever Young's modulusjs the cantilever thickness, g,.4ation noise, and the second part accounts for Johnson
andoll IS th261 can_tllever IelrllgtI'ZL T¥P'Cal Vflue% afe~2 noise. The minimum detectable feature sizg,, is then cal-
X107 N/m," m =72X 10" m%/N, ™ and 5=0.3: culated as the noise divided by the sensitivity.

From Eq.(3), piezoresistive cantilevers can be made  \ye choose a previously published thermomechanical
more sensitive by increasing the cantilever thickness, dedata storage cantilever desifjand a piezoresistive cantile-

creasing the cantilever length, or operating the cantilever at(i‘er of the same overall length, width, thickness, and volu-
higher bias voltage. The piezoresistive coefficient of dope etric doping concentration. Figure 2 shows a schematic of

silicon varies inversely with absolute temperattfrand thus e caniilever footprints, and Table | lists the cantilever di-

resistive heating in piezoresistors can reduce their sensitivity,asions. The design space for both cantilevers is large and
To account for piezoresistor heating, thermal conductancg,o hermal cantilever has not been optimized for topo-

from the piezoresistoGyie;o is modeled as graphic mapping, as requirements other than sensitivity are

KeiWoiond o |icrdVoiaro |2 impose_d _for a data storage qpplication. Optimization of pi-_
Gpiezo= ——eECRIEZ0 4kair[ w} ezoresistive and thermal cantilevers would cause them to di-
z ™ verge in size and shape, and thus comparison of optimal
teanKeanKair |2 KeanWeant thermal and piezoresistive cantilevers is not strictly fair. In
+ Wean (4 fact, with a higher room-temperature electrical resistance and
z 2 |n(4Wcan[tcant)

a piezoresistor length that is one-third of the cantilever
where the width and length of the piezoresistors w&gg,,  length, the piezoresistive cantilever is relatively well opti-

andl e, respectively. The first three terms of Hg) paral-  mized for its sizé and the thermal cantilever is not. How-
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TABLE I. Design parameters for the piezoresistive and thermal cantilevers. 10° F ¥ J . ]
Parameter Piezoresisive cantilever Thermal cantilever w'lf - - - - T T T / - -
o
N
Length 50um 50 um T 107 Piezoresistive 1
Leg width 20um 10 umX 2 legs E Cantilever
Thickness 0.2um 0.2um c 10° -
Heater size 5 umx7 um g “
Piezoresistor length 16.,2m § 10 3
Tip height 0.5um 0.5um & 10° c.l;'::::'l'::e'r ]
Heater doping ‘e 1x10¥cm
Leg doping S 1X10%°cm3 10° — L L |
Piezoresistor doping £ 10" cm3 e 10 10 10 10
Doping type p n Cantilever Heater Power, mW
Room-temperature _ o ) )
resistance 10.9® 1.6 kO FIG. 4. Predicted minimum detectable feature size for the thermal cantilever

and for the piezoresistive cantilever.

) ) ) ) simplicity of the noise model provides good confidence for
ever, the dimensions of these cantilevers are relatively typig,q predictions of Fig. 4.

cal for AFM cantilevers and provide a reasonable starting  Tpe improvements offered by thermal over piezoresis-

point for comparison. _ tive AFM topographic measurement could allow sensitive
Figure 3 shows predictions for the displacement voltagexpn; detection of subangstrom displacements at higher

sensitivity for both cantilevers as a function of cantilevergpeeqs than is currently possible with piezoresistive cantile-
heating power. For the thermal cantilever, data available iRers Much work remains to fully realize the potential of the

: 14
the Ilterat.uré compare well to the present model of ther- yharma| detection technique. For example, the impact of
mal cantilever operation. Validation of the piezoresistivegcanning on surfaces that have topographic features with ver-
sensing model is documentédhe shape of the sensitivity— ica| dimensions comparable to the AFM tip height, or of
power curve for the thermal cantilever is a combination °fvarying thermal properties could change the cantilever capa-

the cantilever temperature, temperature-dependent electricgiisies from those presented here, although not necessarily

resistance, and conductance. The singularity near 10 MWininishing them. Applying the thermal detection technique

heating power stems from the temperature dependence of thg {he measurement of small forces will also require further
coefficient of electrical resistivity for the doped silicon can- \,ork but could provide a very interesting application: Ther-
tilever, which changes sign. Overall, the thermal cantileveqy, | cantilevers become more sensitive as they made thinner,
has one to four orders of magnitude sensitivity improvement 4 aiso have reduced spring constant, which would signifi-

over the piezoresistive cantilever. o cantly increase force resolution over piezoresistive cantile-
Figure 4 shows predictions for the resolution limits of ¢/

both cantilevers. For both cantilevers, the resolution is in the

range of 10'-10*% nm/ /Hz, which indicates that sub-nm The authors are grateful for the opportunity to collabo-
displacements can be detected with 1 s integration timesate with the Micro/NanoMechanics Group at IBM Zurich
The thermal cantilever is predicted to have two to three orResearch Laboratory.
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