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Heat conduction calorimeter for massively parallel high throughput
measurements with picoliter sample volumes
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We have developed a bulk micromachined calorimeter with a sensitivity of 1.5 n##/&txd a

1 ms time constant using a thin film thermopile as the sensing element. The thermopile consists of
seven titanium and bismuth thermocouples with a total Seebeck coefficient gi\6/. The

device is capable of measuring enthalpies in chemical or biological reactions in volumes as small as
a few picoliters. The device can be fabricated and operated in a massively parallel fashion in
combination with ink-jet printing technologies in air and at room temperature, making it ideally
suited for biological and biochemical experiments2@04 American Institute of Physics

[DOI: 10.1063/1.1790075

Microcalorimetery is generally used to measure enthalpymented as follows: a square opening is etched, by reactive
changes during phase transitions, chemical reactions, or biden etching, in the amorphous SiN film on the back of the
logical and biochemical processEg.n the last decade, mi- wafer. The wafer is then immersed in a liquid potassium
cromachining has been used to reduce the sample volumégdroxide etchant that attacks Si but does not etch SiN. Fur-
and increase the sensitivity of calorimetric measureniehts. thermore, the etchant acts anisotropically, faster in[110€)]
Zhanget al. describe a calorimeter using a silicon nitride direction and slower in thgl10] direction, which, for g100)
(SiN) membrane and a thin film nickel resistor to detect thesj wafer, results in a pit with inward slanting walls. The SiN
temperature changes generated by the saflee SIN  |ayer acts as an etch stop and forms the bottom of the pit. As
membrane has also been used in conjunction with a differa result, a rigid SIN membrane remains, suspended over an
ential thermopile to measure the heat generated by the catgpening in the wafer. The first thermopile electrode is evapo-
lase activity of single hepatocyte cells by Johanness@h,”  rated onto the SiN membrane using electron beam evapora-
who used 10 Ni/Au thermocouples with a total Seebeck Cotion and consists of a Ti and Au bilayer. After pattering this
efficient of 220uV/K. _ o _ _ bilayer, vias in the Au film are defined for the Ti/Bi thermo-

In this letter we describe an optimized micromachinedyie’jynctions. Then a layer of Bi is deposited as the second
calorimeter, Wlth_a sensitivity that is higher than preV'OF’SIYeIectrode, and finaly the Au is removed from the Au/Ti
rePOfted and a_tlme constant on the order of 1 ms, W_h'Ch_ IBilayer. Figure 1a) shows the resulting device with seven
suitable for high throughput measurements using 'nk'Je[hermocoupIes. The right-hand pads in Figa)lare con-
printing technologies to deliver nanoliter and picoliter vol- nected to a resistive heater in the center of the device, used

umes to an array c_)f devicésThis will allow hqndreds OF for calibration and for differential scanning calorimetry
thousands of experiments to be conducted rapidly and simul- easurements

taneously, whether for titration experimeﬁtsontrolled de-
naturation of proteins and other biomolecules, or determin-
ing the differences in binding kinetitsand affinities of a
large library of chemicals or well-defined sets of related mol-
ecules created by site-directed mutagenEsifhe small
sample volume reduces reagent costs, conserves valuable and
difficult-to-obtain biomolecules, and provides a measure-
ment bandwidth that cannot be achieved with microcalorim-
eters that have larger thermal masses.

The fabrication of the calorimeter starts with the transfer
of a computer aided design to a chrome-on-quartz mask,
which was used for the photolithographic pattern definition
step. We started with a 3 in. Si substrate covered on both

. . . . . thermocouples
sides with amorphous SiN, a material that is strong enough (b) Ty =g P
to fabricate free standing membranes of submicrometer
thickness. The critical micromachining steps are imple- /'

SiN membrane

dAuthor to whom correspondence should be addressed; electronic mail:

F.Baudenbacher@Vanderbilt.edu FIG. 1. (a) Photograph of a heat conduction calorimeter with seven thermo-
Ppresent address: Ball Aerospace & Technology Corp., Boulder, Coloradazouples and an integrated resistive heatey.Cross-sectional view of the
80306. calorimeter.
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012k . il The thermovoltage generated by the thermopile is given
WWWMMWW by V=n-S-AT, where AT is the temperature difference
I
N

| across the thermopile, the number of thermocouples, agd

the Seebeck coefficient. In order to predict the power gener-

£ 0.06} / ated by an evaporating water droplet, we developed a simple
| model in which heat flows from the substrate into the water

droplet. We assumed that all heat flowing into the water will

go toward evaporation and temperature change, and that

there is no heat exchange with the environment. According

0.08

>
0.04

0.02

0.00

0 N o to these assumptions the energy conservation law can be
Milliseconds written as
FIG. 2. Dynamic properties of the calorimeter. The black trace is a square-
wave voltage applied to the integrated resistive heater. The grey trace is the dAT dm dm dAT
voltage generated by the thermopile of the calorimeter. CT +K-AT= €E + CEAT +C- mT, (1)

) . where AT(t) is the thermopile temperature gradiefit,the
As a first step we evalua}ted the response of the Calor'mﬁeat capacity anK the thermal conductance of the SiN
_eter to a heat pulse deposited on the membrane using tr}ﬁembrane and the metal films of the thermopifef) the
:rt]zgtrha;e\tlj Onga;er. ;‘Z? a\;ggagetﬁgr?;;mgcgéma;g;ﬁz mass of the water dropldt, the latent heat of evaporation of

: Hage g y y water at room temperature, acdhe specific heat of water.
displayed in Fig. 2. These measurements allowed us to de|=0 model the time course of the drop evaporation, we as-
termine simultaneously both the responsivity and the time . N
constant of the calorimeter: 6.34 V/W and 1 ms, res ec_sumed a spherical cap shape, and let the cap height go to
tively T ' PECero linearly while the radius of the drop remains constant.

. . . This model for droplet evaporation is accurate down to con-
The spectral noise density, measured using a custom d

fact angles of about 7°, after which the radius also begins to
signed low-noise preamplifier and an HP 3562A spectru : 1(2] IS
analyzer, was 10 nV/HZ at 0.1 Hz and showed no compo-nghrmk' The equations fom(t) anddm/dt are then

nents other than the Johnson noise of the thermopile resis- ,

tance. This measurement, divided by the power responsivity, pm t t

yields a power sensitivity of 1.5 nW/HZ. The voltage m(t) = (—){3r2ho<1 __> * h8<1 __) } 2
noise can be converted to a temperature taking into account

the number of thermocouples and a Seebeck coefficient of

82 V/K for each Bi/Ti thermocouple. The equivalent noise  gm pr t\2

would be 17.42uK/Hz'2 for a seven thermocouple device. — == <—) {fzho + ho<1 - —> } , Q)

The responsivity of our calorimeter changed with oper- dt 2to to
ating temperature at a rate of 0.14% per °C over the tempergyherep is the density of water, is the radius of the droghy
ture range from —20 to 70 °C. Therefore, this device can behe initial height of the dropt the time, andt, the time
used over a wide temperature range with only small correcinterval required for the water drop to evaporate. In order to
tions necessary. fit the model to the data, we substituted E@.and(3) into

We designed our calorimeter for measuring enthalpyeq. (1) and solved the system numerically. To obtain the best
changes in chemical and biological reactions with ink-jetfit we let hy, t,, and the ratichy/r be parameters in a least-
printing technologies used to deliver picoliter volumes to thesquares curve fit. Initial estimates of these parameters were
reaction chamber. To demonstrate feasibility, we used a comaken from high speed video images. Figure 3 shows the
mercially available microdispenser to deposit 1-500 pl wacomparison of the actual data and the results of our heat-flow
ter droplets to the calorimeter surface. Figure 3 shows thenodel, confirming the validity of our approach. The fit
heat consumption due to the evaporation of a 225 pl drop ohows deviations only at small droplet volumes, which are
water. most likely due to uneven evaporation at small contact
angles.

Figure 4 shows a plot of the experimentally determined
heat of evaporation versus mass for sixteen drops recorded
with our device. The heat is obtained by integration of the
calorimeter signal, and the mass is obtained from the model
fit that provides the drop height and radius. The slope of the
line represents the latent heat of evaporation of water. From
our data we obtained 2263 kJ/kg as the latent heat, which
compares relatively well with the bulk value of 2443 kJ/kg
at 25 °C* We attribute the difference due to an oversimpli-

. . . fication in the droplet shapgand heat loss into the environ-
0 1 2 3 4 ment, which is not accounted for in the model.
Time (s) The power sensitivity of the device discussed, at a level
FIG. 3. Power consumption by a 100 pL water droplet as it evaporateé)f 1.5 nW/HZUZ' will be SUffICIGIjt to measure processes _m
(solid line), along with the fit from our single parameter modebshed ~PL Sample volumes. Our calorimeter has a measured time

line). constant of 1 ms, over one order of magnitude faster than
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Volume (pL) volumes will increase dramatically the throughput in calori-
6000 50 100 150 200 250 metric measurements.
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