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ABSTRACT
Thin, piezoresistive silicon cantilevers are shown to provide unprecedented sensitivity for force detection in an integrated, self-sensing, read ily
scalable configuration. The devices realized herein are patterned from single-crystal Si epilayer membranes utilizing bulk micro- and
nanomachining processes. We demonstrate an electrically transduced force sensitivity of 235 aN/Hz 12 at room temperature and 17 aN/Hz 12 at

10 K. Enhancement of the p + piezoresistive gauge factor is observed at cryogenic temperatures. The results are employed to elucidate the
ultimate, low-temperature sensitivity attainable from self-sensing nanoelectromechanical systems utilizing displacement transduction based
upon semiconducting piezoresistors.

Silicon microscale and, more recently, nanoscale cantileversspectral density of 8.6 fN/HZ in air at a frequency of-1
enable important applications such as atomic force micros-kHz with extremely compliant 3Q«N/m devices’ More
copy (AFM) and biological force spectroscopy. Most efforts recently, Bargatin et al. report measurements of piezoresistive
in these areas employ cantilever probes wékternal nanocantilevers operating at very high frequencies, upitb
displacement transduction via off-chip sensing systems. MHz, attaining a force sensitivity of 350 aN/M&in vacuum
These systems are typically optically based, involving simple at room temperaturein this work we demonstrate self-
optical beam deflection or more sensitive interferometry. sensing cantilevers with greatly improved sensitivity, and
Self-sensing cantilevers, which possess integrated displacefor the first time, we explore the ultimate limits to the
ment transducers, offer important advantages that are notperformance of such devices that can be expected at low
attainable with external optical methods. Perhaps mosttemperatures where thermal noise is small. In addition to
prominent are: a) scalability to extremely small cantilever studying the temperature dependence and force sensitivity
dimensions (far below an optical wavelength) and, thereby, of such devices, we characterize the piezoresistive gauge
to very high frequencies, b) measurement without optical factor, G, for silicon from cryogenic to room temperature.
perturbation of susceptible samples, c) suitability for large- Previous studies ofG have focused upon just a few
array technologies and portable sensing, and d) ease oftemperaturésor solely explored the range above 5F K.
applicability to multiple-cantilever sensors that permit cor-  Our small cantilevers employ high sensitivity piezoresistive
related or stochastic detectibfrurthermore, use of on-chip  strain sensing based upon an integrated semiconducting
electronic readout is especially advantageous for detectionepilayer. This embodiment of electrical displacement trans-
in liquid environments of low or arbitrarily varying optical  duction opens a wide parameter space permitting ultrasmall
transparency, as well as for operation at cryogenic temper-scale, very low stiffness, and very high frequency devices
atures where maintenance of precise optical componenta regime not approachable via conventional optical detection.
alignment becomes problematic. This transduction method is also well suited for scaled-down
Emerging forefront applications such as magnetic reso- versions of complex detection schemes, such as that of Chui
nance force microscopy of single spinand BioNEMS et al, which enables independent resolution of both vertical
(biofunctionalized nanoelectromechanical systems) for single-and lateral forces.
molecule biosensifigequire compliant mechanical nanosen-  Below we present a detailed method of fabrication for
sors with force sensitivity at the thermodynamic limit. A membrane-derived piezoresistive cantilevers based upon bulk
milestone along the path toward ultralow noise, self-sensing micro- and nanomachining processes and provide an experi-
devices is the work of Harley and Kenny who demonstrated mental and theoretical evaluation of their performance. A
piezoresistive microcantilevers achieving a force noise scanning electron microscope (SEM) image of a typical
device is shown in Figure 1a; the cantilevers are situated at
* Corresponding author: roukes@caltech.edu. the top of a deep-etched “fluidic via” through the substrate,
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Figure 1. Piezoresistive nanocantilever force sensor. (a) SEM
image of the cantilever device with thickness 130 nm, of which
the topmost 30 nm comprises the pransducer layer. The current
path flows along the two outer silicon “legs”; the central Au-coated
Si “line” running longitudinally along the center of the device
enables biosensing applicationg) Voltage noise spectral density
obtained at room temperature with a 0.3 V bias, measured at the
device output terminals. The two principal components evident
originate from electrical-domain (Johnson) noise from the transducer
itself, S,’, and piezoresistively transduced thermomechanical
fluctuations,S,”.

a configuration devised for embedding the devices within
microfluidic systems for biosensing application& this
Letter we describe characterization of such cantilevers in
vacuo, carried out from room to cryogenic temperatures, to
demonstrate the utility of the devices for ultrasensitive force
detection. Fabrication begins with a bonded silicon on
insulator (SOI) wafer comprised of a 100 nm thick structural
layer of undoped silicon, beneath which is a 750 nm
sacrificial layer of silicon dioxide (Sig). On top of this a
30 nm thick doped Si transducer layer is epitaxially grown,
which has a boron doping level ofx4 10t%cm?. Above this,
60 nm thick gold electrodes are patterned (each @&ib nm

devices can be approximately represented as
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Assuming a Young's modulus & = 110 GP& we deduce
from eq 1 a valueKy = 2.34 mN/m for the device of this
study. This value is closely confirmed by finite-element
numerical simulatiorfswhich yield Ko = 2.46 mN/m. The
effect of the gold electrode patterned along the center of the
device has been included in these simulations. These devices
are oriented so that current flow within the legs occurs along
the (1100direction for which the piezoresistive coefficient,
m, is ~4 x 10710 pa 1101l As grown, the g transducer
layer has a measured resistivity of Rksquare; an increase

of ~25% was noted after processing. The total two-terminal
resistance of the device was 19.%2k This resistance
comprises three contributions: 6.2Krom the strain sensing

leg region, 5.5 R/leg for the resistance from the contact
pad to the cantilever legs (measured on a four-terminal device
of comparable geometry), and Z2kfrom the spreading
resistance at the neck of the cantilever legs and the
contribution from the end region of the cantilever.

We now analyze the noise performance of these devices
that, ideally, should be limited by the thermomechanical
(mechanical-domain) noise of the force sensor itself. We
characterize the device noise V&(f), the force spectral
density with units (forcéjHz, which is defined as the Fourier
transform of the autocorrelation function of the fluctuating
(time-dependent) effective force at the cantilever tip. The

chromium underlayer to promote adhesion); these form «y .o sensitivity” is then given byS(f))Y2 (units of force/
Ohmic electrical contacts to the doped silicon epilayer. A HzY?). The total root mean square force noise is the integral
membrane from which the devices are subsequently pattemedss s force sensitivity over the measurement bandwidth.
is created by a backside deep reactive ion etch to form atpg force spectral density arising from thermomechanical
deep trench through the substrate (& x 75um cross  gcqations, which is white over the physically relevant
section). This etch is carefully terminated at the oxide layer regime, is given by’ = 4ksTy = 4ke TKo/(27Qf,). Herey,

and ultimately yields the afpremgntiqne_d_fluidic via (Figure fo, andQ = 27Mdf/y are the damping coefficient (with units
1a). The wafers are then diced into individual 11 mnil kg/s), fundamental mechanical resonance frequency, and

mm dies. Prior to the nanofabrication steps the oxide layer g ajity factor, respectively, for the vibrational mode under
is removed from the backside of the trenches using a bUﬁeredconsiderationMo = Ko/(27f,)? defines the modal mass. At

oxide etch. The cantilevers are then defined by electron beamy temperature the measured fundamental resonance

lithography, employing lift-off to pattern a 30 nm aluminum  qequency and quality factor are 58.1 kHz and 2000,

mask for protection of the active areas during the subsequentyespectively (Figure 1b); hence the associated force sensitiv-
vertical electron cyclotron resonance plasma etch processjy expected from thermomechanical fluctuations is 235 aN/
using the.gases NFQIZ, and Ar that defines the c_iewces. HzY2 The cantilever's dynamical response functiiF),

The aluminum mask is subsequently removed using a 10%yansforms this force spectral density into the spectral density

potassium hydroxide solution. _ for displacement fluctuations
These devices have a geometry that is somewhat more

complex than a simple cantilever; they are attached to the
supports by two small “legs” which serve to concentrate both
strain and current flow within the same region to enhance
sensitivity (Figure 1aj.The completed devices employed
in the present study have dimensidrs 55um, w =7 um,

Wieg = 2 um, andlieg = 5 um. Much smaller devices have Here x represents the coordinate of cantilever motion
been patterned; this methodology has proven well-suited tomeasured at its distal end.

fabrication at the sub-100-nm scale. Assuming end-loading Other “extrinsic” noise sources affect the device perfor-
and fundamental mode response, the force constant for thesenance. In the absence of force stimuli, thermodynamic

1
167°M (P — 1,92 + (fi,/Q)
(2)

S/(f) =S/ HOI =S
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displacement fluctuations are transduced by the biaseda one-dimensional phonon temperature profile, satisfying the
piezoresistors into an equivalent voltage noise at the deviceexpression Bviegsi(@ToW/dy?) = —Qllieg. Herey = [0,lieq]
output terminals. In the ideal case, the transduced contribu-represents the position along a cantilever leg measured from
tion from Sy(f) should dominate the intrinsic, electrical- its anchoring support. We assume the thermal boundary
domain noise of the piezoresistors (arising from Nyquist and condition aty = 0 is established by the (regulated) substrate
flicker-noise mechanisms). More formally, the voltage noise temperature, whereas gt = li,, the distal end of the
spectral density arising from electrically transduced thermo- cantilever legs, it is established by the condition that the
mechanical fluctuations iS,7(f) = S¢'(f) #%(1,). Here %(Iy) temperature gradient vanishes in these vacuum-based mea-
= lp(dRy/0X) represents the voltage responsivity (with units surements. Heat loss via blackbody radiation is negligible.
V/m) characterizing the performance of the piezoresistive At low temperatures the thermal conductivity of silicasg;,
transducers biased with a dc currdpt,The quantitydRy/ox is estimated assuming simple diffusive thermal transpgrt
represents the differential sensitivity of device resistance to ~ ¢,2d/3 = Ty, Wherec, is the specific heat per unit
displacement; it can be deduced empirically by fitting the volume given by the Debye formulay(T) = [127%kgp/
electrically transduced thermomechanical resonance peak tq5m)](Tpw/ To)3, Msi is the atomic mass of silicon, afg =

a Lorentzian response (Figure 1b), after subtracting the 645 K is the Debye temperature for silicon. The average
predominantly white background electrical noise near reso- speed of sound for silicon is given by = [3i—* 1/l
nance (which we measure experimentally). For the present(¥i—;® 1/»300~ 5634 m/s (at 73 K), where the summation is

device this procedure yield®/ox ~ 0.017Q/nm. Theoreti- over propagation modes and the average is over propagation
cally we expect this differential responsivity to be given by direction!? Herel is the effective phonon mean free path.
the expression Upon the basis of previous low temperature thermal transport
studies of nanoscale beams with geometry similar to the
367 piezoresistive legs employed héfaye assume a boundary
OR/ox = 2w—t2(2| ~ liegKoRy ®3) scattering limited valué ~ 1.12 V/A. HereA is the cross
'eg sectional area of the beathWwith these formulas we deduce

hereR: is th . f the * . ion” of th the average temperature within the leg region in steady-state
where Ry Is the resistance of the “sensing region” of the (under current bias) for all data taken below 40 K. Above

dﬁwce.h(For our tlwo—leg d(i]wces .f|n|te ﬁler;:er;\tdsmglatlonﬁ 40 K the Debye formula ceases to be valid for determining
show the narrow legs are the regions that both dominate they, o . conductivity-however, for the full range of biases

two-terminal resistance as well as develop the highest stramemIoloyeol in this work we have verified that bias heating is

upon canUIeyer deflection.) We est_lmeRefrom the device negligible in this regime. From the thermal diffusion equation
geometry using the measured resistance per square for th%ve obtain a steady-state temperature profile
material.$ is a parameter introduced by Harley and Kenny

to account for the fraction of the full strain distribution )
sampled by the finite-thickness piezoresistive layer; in their  TprY) = (Qlied2Wiegety = B2V ieg” — 2yl + 1))
work 3 ~ 0.7. We also employ this value ¢f for our )
devices, which are geometrically simifatJsing eq 3 and
the measuredR/ax from Figure 1b, we can deduce the along the length of the piezoresistors, whire= ((To* +
device gauge factor a6 = mE = 47. This agrees quite  2lieg Q/tWiegtp) > — To?)/2 andTo is the ambient temperature.
closely with the expected value of 2% Similar results were ~ We employ its longitudinally averaged vall@n1= /o'
obtained upon performing a direct measurement of the gaugel Ter(Y)/liedd dy as an approximate measure of the effective
factor using an AFM, which provided a calibrated displace- device temperature in steady state.
ment. The cryostat-mounted sample stage was engineered such
To evaluate the temperature-dependent force sensitivitythat a 1002 resistor, used for controlling the ambient
of the device requires evaluation of the actual device temperature, passed through the center of a copper block on
temperature, which can be affected by bias-current-inducedwhich the sample was mounted. Apiezon N grease was used
heating. As demonstrated below, this begins to play a to ensure thermal contact of the heating resistor and copper
significant role only at our lowest temperatures and is block. A silicon diode thermometer was mounted on the
otherwise negligible. In this regime the electronic carriers opposite side of the copper block at a comparable distance
(holes) and phonons within a device under bias are not in from the heating resistor as the microcantilever device. The
thermal equilibrium. For the temperature range over which measured temperature from this diode was used as the
experimental results are presented hd@sex( 6 K, whereT, ambient temperaturd,. The diode thermometer and heating
is the ambient temperature) thermal conduction via hole element were controlled using a Lakeshore 340 temperature
diffusion is negligible (as confirmed later in this paper). For controller.
the purpose of these calculations we therefore assume that To assess the validity of the effective phonon temperature
all heat is dissipated via the phonon conduction pathway. of the piezoresistive sensors calculated above, we perform
The temperature dependence of the mechanical propertieswo control experiments summarized in Table 1. In the first,
of the device is determined by the phonon temperatTyig. ( we fix the bias power and evaluate the resulting temperature
We assess this quantitatively by assuming that uniform Joulerise in the sensors (piezoresistors) for various ambient
heating within the cantilever legs along their length generates (substrate) temperature$,. This procedure involves an
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remains useful, (b) the optimal bias current for a given
ambient temperature, and (c) the ultimate force sensitivity
that is attainable with piezoresistive cantilevers at low

Table 1. Summary of Control Experiments Performed To
Assess the Validity of the Heating Correction

P =22uW To=115K temperatures where optimal performance is obtained. The
To(K) ATmess K) ATeutc ) P W) ATmeas K)  ATeare (K) analysis proceeds as follows. The transduction responsivity
76 1.3 124 34 40 of a plezore5|st|v_e cantilevery(ly) is p_roporthna_l to the
115 104 99 6.9 59 5.8 bias current applied through_ th_e devrdm_ut _thls, in turn,
15.0 78 8.0 29 10.4 9.9 also determines the power dissipated within the piezoresis-
20.0 4.6 5.8 43 12.6 12.9 tors, Pn = 1p?Rr. This power input, in turn, induces a
47 12.9 13.4 temperature rise determined by the thermal conductance
aTo is the initial temperature (before heating)Tmeasis the temperature ayaﬂablg from all mechanisms that serve to COC_)l the
rise as determined by the resonance frequency shift (Figure 2a)\ Bad piezoresistors. In steady state, a temperafilif€To,lp)is

is the temperature rise estimated from the thermal conduction calculations

discussed in the text. thereby established, which depends on the ambient temper-

o ) ) ature,To and applied biad,. We viewT, as the independent
initial calibration of the res_onant frequency versus substrate ariaple since its value is typically dictated by the sensing
temperature, measured using very small bias powerfB}  gppjication. Hence, for a givel, there exists an optimal
so that temperature disequilibrium is minimal. Significant i current]s°*(To), that yields the optimum force sensitiv-

ocal neaing s hn e by 1125 e D UTenly 1, at it tempraure. However, bl
P ' ' P characteristic temperatufg < To™", the steady-state device

piezoresistors whi!e the substrate is simultaneoqsly regmatedtemperature:r‘(ToIb)Dis predominantly determined by Joule
at several specific temperature. The resulting local heating, andnot by the ambient temperatur®, In the

:ﬁmpgrat:/re dr;se it t:tefrsenscr)]rs 'Sh?t/?luatid t;)i Crﬁnvfg[m%)revious analysis a single pathway for dissipation of bias-
© observed resonant frequency s 0 sensortemperatuig, 4 ,ceq Joule heating was considered, namely, heat transfer

(Figure 2a) via the initial calibration. (This procedure is valid from holes to the phonon bath and then to the environment

j\;gﬁﬁ] Ittlfl]ztﬂgéfen;plgratrléreiodne?ﬁar_]tdegcdeogi::#t?g Si\ggdrlijslgsvia phonon transport. A second potential pathway for heat
g reg b Y9 dissipation is available, specifically hole diffusion along the

to the resonant frequency shift.) This temperature is then electrical conductors. These two mechanisms for thermal

goTpalrr?d with thnedva:(ue gr?,m:ﬁd\,:mrp th? ?eattrl‘ng Catl)Clt"rlat' conduction act in parallel, as schematically depicted in Figure
toms. ] te: setcoll 5erend N | ? S%lijﬁare nt er Sluti\? Ia €4. Forthe analysis here (which extends to lower temperatures
emperaire at - and apply fou erent (relatively than the experimental data presented earlier) we must

large) values of the bias power, as tabulated. A similar consider both pathways. In doing so we will explicitly justify

procedure is then employed to deduce local sensor tempery, o, ission of the hole diffusion pathway in the earlier

ature. In both cases the agreement between the Iocalanalysis of our data at higher temperatufs; 6 K.

temperature rise measured from resonance frequency shifts .
i . . Here we evaluate the effective steady state for the phonons
and that estimated from the aforementioned calculations are . . . . . )
and holes in the strain sensing region of the device, making

o . .
within 7% for temperatures up to 15 K and all applied bias it possible to evaluate the total force spectral density on

powers (up to 4uW). . T
With this validation of our procedure for evaluating ][grs;gg\ce, referred to input (RTI). This is given by the

effective temperature we can confidently deduce the tem-
perature dependence of both the quality factor and gauge
factor. These are displayed in parts b and ¢ of Figure 2, vy e ZKeKo i Ton ARy ey Th

\ . . ; §=8§+8'=—2 [ Fdy+ — d
respectively. The quality factor is observed to increase from 7fQ Y0 g T2 Y0 ligg
1900 at room temperature to 10 000 Tox 30 K. The gauge 5)
factor is evaluated over the temperature range from 11 to
300 K by fitting to thermomechanical noise data (using a whereS is the thermomechanical noise afd = S,//T?
procedure based upon eqgs 2 and 3) after carefully subtractings the (Johnson) electrical noise (RTI). Hare= 92(Q/Ko)
the electrical noise contributions. Figure 2c shows that the is the ganged system responsivity, the product of the
piezoresistive response increases with decreasing temperatransducer and on-resonance mechanical responsiijiés,
ture, consistent with the few reports that exist in the = 4ksTuRr is the (Johnson) voltage noise of the transducers
literature>® The temperature-dependent thermomechanical and Ty is the effective temperature of the holes. Note the
noise is shown in Figure 3. A minimum value of 17 aN/ separate roles played by the phonon and hole temperatures
Hz'2 is attained at an effective device temperature of 10.4 for the mechanical and electrical degrees-of-freedom, re-
K (inset). spectively.

Apart from the high force sensitivity we have attained, = The calculation proceeds as follows. The temperature
perhaps the most compelling aspect of our present results isprofile for the holes is solved for using the diffusion equation;
that they can be employed to elucidate the ultimate limits of 2tgopedViegcn(PT/dy?) = —Qulieg Wwhere the hole thermal
semiconductor-based piezoresistive displacement sensing foconductivity is given by the WidemantFranz lawx, =
NEMS. Specifically we can evaluate: (a) the lowest tem- 7%(ks/€)?0Ti/3. The temperature dependence of the thermal
peratures at which piezoresistive displacement transductionconductivity makes solution of this differential equation
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Figure 2. Temperature-dependent performance of nanocantilever force sensor: (a) resonance frequency; (b) quality factor; and (c) gauge
factor. The data are for the thermomechanical resonance, collected at a biag\®f. I'Be temperature scale has been corrected to account
for heating at this bias power as discussed in the text. The solid gray lines provide a guide to the eye.
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Figure 3. Force noise spectral density for the nanocantilever force T, = environment |

sensor. The temperature-dependent magnitude of the thermome-
chanical force noise is shown here. Over the range shown, the dat
follow an approximately linear trend; a least-squares fit yields a
T 08 dependence (solid line). Inset: The measured voltage noise at
a device temperature of 10.4 K.

ab:igure 4. Model for low temperature thermal transport in
semiconducting piezocantilevers. Joule heating of the transducer’s
hole gas arising from the applied bidg;, is dissipated by both
phonon emissiorQh_ph, and hole diffusion down the electrical leads

to the environment (i.e., substrat€),. The induced heating of the
nontrivial; hence we evaluate it numerically. In these resonator phonons is subsequently dissipated into the environment
equationsT, represents the (local) effective steady-state Via phonon transporQ,n. The thermal resistances characterizing

. these processes arg-pn, Ry, andRyp, respectively. In steady state,
temperature of the holegiopeq represents the thickness of with the environment at temperatufg, this branched heat flow

the conducting layer of the piezoresistorrepresents the  rajses the hole gas and resonator phonon temperatufas and
conductivity of the piezoresistor, anelis the electronic Tor, respectively. The heat capacities of the hole gas and resonator

charge. The temperature profile of the phonons is determinedphonons areC, and Cy, respectively.

by eq 4 where the heat transferr&g,is now Qpn, the heat

transferred via the phonon conduction pathway. conductance per unitvolume given®y-p,(T) = Co(T)Th—pn(T)
Once the temperature profiles for holes and phonons have= g,,nT# whereCy is the electronic heat capacity per unit

been evaluated, the heat transferred from holes to phonons/olume andl',—ph is the hole-phonon scattering raté We

can be calculated using the equatiQa, pn = / dV f T dT model the hole heat capacity as that of Sommerfeld free hole

Gn-pn(T(y)), Where the volume integral is over the conducting gas,Cn(T) = #%pks®T/er = T, wherep is the hole density,

region of the device an@_pn is the hole-phonon thermal e = h2(372p)¥%2my, is the Fermi energy, ant, is the (light)
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Figure 5. Optimization of transduced force sensitivity. (3,Elaluation of the bias power dependence of the effective force noise, which
includes both mechanical and electrical domain contributions (referred to input). Calculated performance is displayed for two device geometries
(see text): the microdevice on which experiments were conducted in this paper (plots a, b, and ¢) and a smaller, but realistic, nanodevice
(plots d, e, and f). At each ambient temperatdig,the minima define an optimal bias poi,(°P) = IgPIR;2. At low bias power the
responsivity of the transducer decreases, thereby leading to an increase in the effective force noise (referred to input). At high bias power
the total force noise increases due to Joule heafimge) At the optimal bias power the transducer hole gas and the resonator phonons
attain elevated steady-state temperatufgsand Ty, which depend offo. (c, f) The optimum force sensitivity attained B;©P9(To) is

shown as a function of,. Note that an improvement in force sensitivity of greater than an order of magnitude is observed for the nanoscale
device.

hole mass in the valence band. Assuming the holes andholes and phonons are shown in Figure 5b. As seen, a
phonons are Fermi and Bose distributed, respectively, thelimiting sensitivity of S = 13aN/Hz*? can be achieved
deformation potential hotephonon scattering rat€h—pn, is for an ambient temperatu® < 1 K.
given byI'n—pn = (35(3)ke®D¥h*vs vep) T = otn—pnT°, Where This analysis allows us to assess the sensitivity improve-
D = 8.3 eV is the deformation potenti&t’andg(3) = 1.202. ments possible through optimization of geometfyr ex-
The relative values for the heat conducted via the two thermalample, by reducing the width of the cantilever legs and
conduction pathway&y, andQuh is not known a priori. The  decreasing the total device thickness. To illustrate the
system is solved iteratively until convergence is attained, improvements that are easily within the scope of our present,
yielding Qn—ph = Qn (subject to the constraim®, = Qn + top-down nanofabrication capabilities, we consider nano-
Qo). cantilever devices witieg = 100 nm,w = 300 nm,t = 30

The effective, electrically transduced force noise RTI nm,tgopea= 7 NM,lieg = 1 um and otherwise identical to the
calculated with this model is shown at four different ambient device of Figure 1. For such a device one obtains an optimal
temperatures in Figure 5a for the experimental device sensitivityS2 = 0.6aN/HzY2for To < 1 K. A quality factor
geometry. For very low bias currents, the total force noise of 10 000 was assumed for this device. This seems reasonable
increases due to the smaller transducer responsivity andbased on a survey of work that has gone on in the figld.
consequently the dominance &’ (RTI). At high bias The optimum sensitivity versus ambient temperature is shown
currents, the total noise increases due to the increased devicen Figure 5f.
temperature. It is clear that by minimizing eq 5 we can In the analysis of our experimental data we asserted that
determine the optimum bias powé&;,, yielding the highest  thermal conduction via holes was not significant in the
sensitivity for a given ambient temperature and device temperature range studied. We revisit that assertion here. The
geometry. The effective temperature of both the phonons andlowest temperature of data collection was at an ambient
holes is shown in Figure 5b. It is evident that below a few temperature of 6.0 K, with a bias power ofi%/. Under the
degrees kelvin, the Joule heating is very significant in assumption that the power was dissipated entirely via the
determining the effective device temperature. The temper- phonon conduction pathway, an average phonon temperature
ature dependence of the optimum force sensitivity obtained of 10.3 K was calculated. On the basis of this phonon
by this procedure is shown in Figure 5c for the experimental temperature and kW of power transfer, we obtain an
geometry. The corresponding effective temperatures for theeffective average hole temperature of 12.8 K. The heat

Nano Lett., Vol. 6, No. 5, 2006 1005



dissipated via hole diffusion at this effective hole tempera- S.A., particularly Drs. Peter Pfluger, Natacha Raphoz, Ariel
ture, estimated using the Wiedematfranz law,Qn-pn ~ Cao, and Christian Pisella, for a fruitful collaborative work
27%(ke/€)?/3Rr (T3 — [ToM), is of order 1 nW and therefore  on wafer-scale NEMS fabrication.

negligible compared to the AW dissipated via phonon
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