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ABSTRACT

We have developed an ultrasensitive nanoscale calorimeter that enables heat capacity measurements upon minute, externally affixed (phonon-

coupled) samples at low temperatures. Fo  ra 5 s measurement at 2 K, we demonstrate an unprecedented resolution of AC ~ 0.5 aJ/K (~36 000
kg). This sensitivity is sufficient to enable heat capacity measurements upon zeptomole-scale samples or upon adsorbates with sub-monolayer

coverage across the minute cross sections of these devices. We describe the fabrication and operation of these devices and demonstrate

their sensitivity by measuring an adsorbed ~ “He film with optimum resolution of ~ ~3 x 10~ monolayers upon an active surface area of only
~1.2 x 1079 m&

Calorimetry is a powerful technique that is widely employed
to measure the enthalpy of chemical reactiaarsd the heat
capacity and other physical properties of solid-state systems.
Currently, microcalorimeters produced by semiconductor
processing techniques are routinely used for measuremen
of the heat capacity of thin films and the heat of reaction
for processes such as catalytic dissociation of carbon
monoxide molecules on nickél.Current state-of-the-art
microcalorimeters have a resolution that is typically of order
~1 fJ/K, limited by the addendum (the heat capacity of the
calorimeter itself) and the sensitivity of thermometry em-
ployed3“The quest to improve this sensitivity is not simply
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to improve the accuracy of measurement but, more impor- Figure 1. Electron micrograph of the suspended calorimeter. The
! inset shows a magnified view of the central portion of the suspended

tar_ltly, to enable heat capacity meagurgment of nan_osc_aleregion, displaying the interdigitated thermometer (left) and Au
objects and samples such as very thin films (e.g., epitaxial heater (right).

layers of magnetic semiconductors), fullerenes, nanoparticles
and nanoclusters, biological macromolecules, and the heat
of reaction of individual molecules. In this paper, we
demonstrate a suspended silicon nitride (SiN) calorimeter
integrated with AuGe resistance thermometry. The device
exhibits an optimum resolution 6f0.5 aJ/K at 2 K. We
discuss the fabrication, operation, and resolution of such

devices and demonstrate their use by measuring the low- lorimeter bodv. th 0 fabricated t d )
temperature heat capacity of an adsorbed helium gas film atc@lonmeter body, there are two nanocfabricated transducers.

sub-monolayer coverage over the device atea 1.2 x a Au heater and a AuGe thermometer for in situ heating and
107° m? (1200 um?) ' temperature measurement. Thin film Nb leads running on
top of the beams connect the heater and thermometer to the
* Correspondence and request for materials should be addressed oSubstrate. These provide electrical contact to the transducers,

In Figure 1 we show a scanning electron micrograph of
the calorimeter. The suspended body of the calorimeter is a
25 x 25 un?® “plate” patterned from a 120 nm thick SiN
membrane. Four @m long and 600 nm wide SiN beams
suspend the calorimeter body from the substrate and provide
its thermal contact to the environment. At the center of the

M-IT--R- (e-mail: roukes@caltech.edu). without adding parasitic thermal contact to the environment
California Institute of Technology. ~ .
# University of Maryland. for temperatures below¢(Nb) ~ 8 K where electronic

8 University of Utah. thermal transport becomes an important pathway.
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Figure 2. The time domain response of calorimeter temperatufie=at4.5 K in response to a heat pulse. The heat pulse power while on

is 0.125 nW, the rise in temperatureAS = 93.4 mK, and the rising and falling time constants afe= 18.26+ 0.002us andrr = 18.29

+ 0.002us, respectively. From these traces, which represent the average<ot@® separate measurements, we deduce the thermal
conductanceG = 1.34 nW/K, and the heat capacit@,= 24.5 fJ/K. The discrepancy between the rising and falling time constants does

not come from the experimental measurement error. Instead, it is due to the variation of thermal relaxation time at the different temperature
(the rising pulse is at 4.5 K while the falling pulse is at 4:3.0934= 4.5934 K). To better approximate the heat capacity at a particular
temperature, we adopt the rising pulses for heat capacity measurement.

The device is fabricated by electron beam lithography, Table 1. Heat Capacity Contribution from the Various
electron cyclotron resonance (ECR) plasma etching, andComponents of the Calorimeter
metal film deposition. The SiN membrane is patterned, using calorimeter component C(T=0.6K) C(T=2K) C(T=6K)

a standard backside KOH etch, from a low-stress SiN film device total (measured)  0.38 £J/K  3.75 fJ/K 58 £J/K
deposited by low-pressure chemical vapor deposition on a SiN Debye (calculated) ~ 0.01fJ/K  0.43 fJ/K 12 fJ/K

. is d ited b Au heater and 2.4 aJ/K 9 aJ/K 27 aJ/K
silicon s_ubstrate. The AuGe therr_nometer_ is deposited bY A,Ge thermometer 16al/K  6ad/K 18 ad/K
sequential elemental layer depositfoito tailor the ther- Nb leads (electronics) negligible 3 x 102 J/K  6ad/K

mometer for high-speed measurement, the AuGe material is
deposited between two intedigitated gold electrodes; this and the AuGe thermometer is calibrated against a commercial
limits the two-terminal transducer resistance by minimizing NTD Ge thermometer. The temporal evolution of the voltage
its effective path length. The proximity of these Au electrodes drop across the thermometer is amplified by a low noise
also serves to enhance thermalization between electrons angreamplifier and subsequently captured by a fast digital
phonons in the sensor, thereby minimizing electron heating oscilloscope. To measure the heat capacity, a current pulse,
effects® Superconducting electrical leads provide connection of power P, is applied to the heater. In response to this
to wirebond pads; these are formed by subtractive patterningstimulus, the temperature of the calorimeter rise¥ asT,
of plasma-deposited Nb. At 2 K, the measured resistances+ (P/G)(1 — e 7). Here,G is the thermal conductancejs
of the heater and thermometer ar@2 Q and ~12 k<, the thermal relaxation time constant of the calorimeter, and
respectively. t = 0 denotes the rising edge of the heat pulse. From the
The small total volume of metallic heater and thermometer time domain response that is captured, we ext@Gandr,
elements ensures a minuscule contribution of heat capacitywhich yields the heat capacity through the relat®r Gr.
to the addendum (i.e., the calorimeter itself). This is To improve accuracy, the measurement is repeated and
particularly important below 0.5 K where the electronic heat averaged~10° times, requiring a total sampling interval of
capacity of the transducers become dominant. High-speedess than 5 s.
thermometry £200 kHz bandwidth) is necessary to track Figure 2a shows measurements of the exponential response
the fast relaxation of the calorimeter (relaxation time- of the calorimeter’s temperature due to the heat pulsds at
20 to 100us). In this regard, previous realizations of sensitive = 4.5 K. From this response, we determine the addendum
thermometers based upon superconducting tunnel junctionsheat capacity to b€ = 24.5 fJ/K. The measured thermal
and Mott insulators > 1 MQ) are undesirable since their conductance and thermal relaxation time constant for 0.6 K
high impedance necessitates complex readout schemes te< T < 8 K are displayed in Figure 2b. The resultant
yield high bandwidths.Our AuGe thin film thermometers  addendum heat capacity is plotted as a functioh iofFigure
provide temperature coefficients, R{)(dR/dT), of about 2c.
0.01/K, with two-terminal impedance below 2@kFor these In the temperature regime of these studies, the heat
thermometers, the sensing current is limited by electron capacity of the calorimeter is always dominated by that of
phonon decouplifgto <20 nA for T < 0.5 K. This the SiN calorimeter body. Contributions from the phonon
maximum applicable sensing current determines the sensitiv-and electron heat capacity of the heater, thermometer, and
ity of the thermometer and ultimately limits its usefulness leads are, by comparison, relatively small. Our estimates for
at the lowest temperatures. these are displayed in Table 1. In Figure 4 we also show
We characterize the calorimeter and demonstrate itsthat the measured addendum heat capacity is significantly
operation by measuring its addendum heat capacity in thelarger than the Debye phonon heat capacity of the calorimeter
time domain. First, the device is cooled inflde cryostat body itself (estimated to be0.05 fJ/K)8 Previous studies
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100/ are averaged to provide mean exponential rise and decay
80, times. From these we obtain an average value for the
. addendum heat capacity. This process is repeated one
= 601 hundred times to obtain to measure the statistical variations
© 404 of this heat capacity. We assume the distribution of measured
20| values is Gaussian and employ a nonlinear least-squares fit
10[ to extract the mean value of the heat capacity and its
. variance. The square root of the latter represents the
X 1t measurement resolutionC, attained with our devices. As
% ol seen in the inset of Figure 4, the heat capacity resolution is
6’ ) less than 2 aJ/K over a temperature range freinto 5 K,
0.01} with a minimum of 0.5 aJ/K attained at 2 K.
s The high resolution of the calorimeter is attained primarily
04 06 08 1 2 4 6 8
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because of the very small addendum of the device. This, in
turn, is largely a consequence of the small volume of the
SiN calorimeter body. Below 2 K, nonetheless, it becomes

Figure 3. The thermal relaxation timez, and the thermal ) ) 99
conductanceG, of the calorimeter measured from 0.6 to 7 K. The important to control the electronic heat capacity in the heater,
latter follows expectations for diffusive phonon transport involving thermometer, and leads to maintain a small relative contribu-
a b0undary-scattel’lng-llmlted mean free path, the dISplayed fit yleldS t|on from these Components For thls reason, as men“oned,

G = 0.016T3 (NW/K).

we employ nanoscale transducers to obtain very small

_ 100 —; 100 transducer volumes and employ superconducting electrical
X Sl AC, ~05 am'(_ .t' ] connections to these transducers to preclude parasitic thermal
=3 3 A \ / // K coupling through such connections to the calorimeter body.
(&) g , \/"‘. . a at L’ The theoretical resolution of the calorimeter can be written
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whereS, is the effective spectral density of the voltage noise

Figure 4. fThel heat Capé}cri]ty (;Jf thbe ga|_||orimetzfa_|r (V(iO|et), ;he *Zje?]t (from all sources, referred to the transducer’s outphity,
capacity of calorimeter with adsorbed He gas film (green), and the _ .
heat capacity of the He gas film (blue). The He gas coverage is (P/G)(oR/oT)In the (asymptotic) root mean square (rms)

~0.16 monolayer over the device. The dashed gray line representsvoltage signal from the thermometer in response to continu-
the estimated Debye phonon heat capacity of the calorimeter.ous application of heater powd?, Af ~ G/(2zC) the
Inset: Measurement resolution attained at various temperatures bymaximum single-shot measurement bandwibltthe number

the calorimeter fo5 s averaging time. Highest resolutiohC ~ of repeated measurements, dacthe thermometer sensing
0.5 aJ/K (-36000), is attained B2 K in these experiments. current. In eq 1 we have denoted terms that are explicitly
lead us to believe this extra heat capacity may originate from temperature dependent. However, it should be noted that
defects, i.e. from the tunneling motional states of the ions implicit limitations to P and Iy arise from these explicit
within the amorphous SiN layefsTo estimate the contribu-  dependencies. The principal contributionsSoarise from

tion of the tunneling states to heat capacity, we model them the transducers flhoise and readout amplifier noise. In these
as two-level systems with a white spectrum of activation experiments the fLhoise is predominant, and yield4S,Af)
energies between 0 and 100'KErom this we deduce that ~ 10 nV for Af ~ 1 MHz. ForT ~ 2 K, using eq 1 and

a density of 18 cm of tunneling states would be sufficient values from Table 1 yields a predicted resolutionAdt ~

to account for the excess heat capacity. This is similar in 0.34 aJ/K for a measurement integration timet of 20 s
magnitude to what is observed in vitreous sifiche phonon (i.e., N=t/r ~ 100k). Optimal resolution is attained at 2 K:
mean free path is deduced from the thermal conductanceabove this temperature resolution decreases with the increas-
using a simple diffusive transport picture; it is found to be ing addendum of the calorimeter; below this the calorimeter
Apn~ 0.2um .M This short mean free path is consistent with resolution is degraded by electron heating (which restricts
previous measurements upon nanoscale de¥itesnd usable thermometer sensing current and thereby compromis-
appears to arise from the strong surface scattering of phononsing its sensitivity).

We evaluate the observedsolutionof heat capacity for To demonstrate operation of the calorimeter, we have
these nanoscale calorimetefs;, by computing the uncer-  measured the low-temperature heat capacity of an adsorbed
tainty in the addendum measurement. One thousand time-*He film at sub-monolayer coverage over the very small
synchronized measurements of the pulse-heating responseactive surface area of the calorimeter].2 x 107° m? A
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coverage ofv 2 atoms/nri(~0.16 monolayers) was accreted vides unprecedented resolution-60.5 aJ/K measured at 2
upon the cooled calorimeter by exposing it to a carefully K. We anticipate that this type of calorimetric device should
controlled pressure of helium gas. The heat capacity of thefind important applications in heat capacity measurement
film was measured to bex3 fJ/K (Figure 4), which upon a wide variety of nanometer-scale samples.
corresponds to a heat capacity of kgper helium atom.

This value is similar to that observed for He adsorbed on Acknow|edgment_ We gratefu”y acknow|edge support

Grafoil, where the adsorbed gas apparently behaves like afor this work from the NSF through Grant DMR-0102886.
two-dimensional ideal gas.
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