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Abstract

Thermopiles, integrated into a thin silicon membrane, are used in some calorimetric applications (e.g. Setaram SETline120
portable thermal analyzer) that utilize temperature ramps of the thermostat to obtain the caloric response. A new calorimetric
method is proposed, which uses an integrated circuit thermopile (ICT) in an oscillating mode. A heater integrated into
the membrane drives temperature oscillations and the thermopile senses the temperature gradient across the membrane. a
calorimetry and the 3-omega method do not measure total heat losses and have an inherent quasi-adiabatic low frequency
limit. On the other hand, the thermopile setup can measure total heat losses that permits one to monitor enthalpy changes in
a sample, e.g. during crystallization. Low frequency measurements are limited only by sensor sensitivity. Preliminary results
show that the same experimental setup can be used to make dynamic heat capacity measurements over a frequency rang
from 1 mHz to 100 Hz. At high frequencies (1 Hz and higher), heat capacity of nanogram samples can be measured.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction to 50kHz in 3-omega methofl]. Alternative way
to study relaxation phenomena as a function of the
Temperature modulated calorimeters (TMC) are enthalpy is to perform time-domain analysis of the
widely used to measure complex (dynamic) heat ca- response of an adiabatic calorimeter, which makes
pacity as a function of temperature, frequency and it as an ultra low frequency spectrometer with high
time providing unique information on relaxation phe- frequency limit in the order of 10 mH2]. The objec-
nomena (e.g. at glass transition and on melting and tive of the present work is to develop a temperature
crystallization kinetics). Among traditional types of modulation technique, based on integrated circuit (IC)
TMC, only temperature modulated differential scan- technology, for complex heat capacity measurements
ning calorimeters (TMDSC) measure total enthalpy with appreciably higher frequency limit than that of
changes in a sample allowing study complex heat TMDSC and with the capability of measuring total
capacity as a function of the enthalpy. However, high enthalpy changes. This modulation technique could
frequency limit of TMDSC is rather low (0.1Hz) be readily scaled down and would allow caloric mea-
compared to tens of Hertz in ac calorimetry and surements on small samples of sub-microgram weight
and sub-micrometer thickness, complementary to thin
* Tel.: +1-806-7420448: fax:-1-806-7423552. film microcalorimeter[3] and high-speed scanning
E-mail addressmikhail. merzliakov@coe.ttu.edu (M. Merzlyakov).  Mmicrocalorimetry{4].
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2. Physical basis order of 100nW. Lerchner et di7] presented differ-
ent possible constructions of integrated circuit (IC)
2.1. Dynamic heat capacity measurements using calorimeters. Hoehne and Wint¢8] studied tran-
integrated circuit thermopile sient response of an IC thermopile (ICT) sensor, from
which one can theoretically obtain frequency depen-
One way of determining a heat flow rate is to dent heat capacity data. However, to the best of my
measure the temperature gradient that the heat flowknowledge, nobody used ICT sensors in temperature
rate generates while passing through some thermaloscillation mode and nobody presented dynamic heat
barrier. Thermopiles have some advantages comparedcapacity data from IC calorimeter.
to the other sensors, used for temperature difference Since some of ICT sensors have a heater integrated
measurement, such as a resistance bridge or a traninto the membrane, as shown ffg. 1, to calibrate
sistor pair: thermopile has an output without offset the gauge factor of the sensor, implementing temper-
and offset drift and does not require any biasing. ature oscillations is possible by applying alternating
In addition to that, the Seebeck effect in silicon is current to the heater. Let us consider first which out-
rather large, 0.5-1 mV/K per junctidi], compared put signal one can expect from measuring an empty
to typical 30-5QuV/K of standard metal thermocou- sensor in air by applying oscillating voltage with con-
ples, and many junctions can be connected in seriesstant amplitude to the heater. At low frequency limit
and be placed in compact sensor using integrated (w — 0) at each moment of time, the sensor is in
circuit technology. Such thermopiles, integrated into equilibrium and temperature gradient across the ther-
a thin silicon membrane, are already used in some mopile depends only on the power input. Therefore,
calorimetric applicationg6], which allow the heat the thermopile output should have constant, frequency
flow rate measurements with detection limit in the independent amplitude and should be in phase with

membrane ¥ sample (a)
L /
support thermopile heater hot junction cold junction

/| ) (©

membrane

thermopile

/

heater

Fig. 1. (a) Schematic cross-section of ICT sensor (not to scale). Particular shape and proportions may vary. Sample under investigation
can be placed on top of the membrane between the hot junctions. (b) Top view on ICT membrane with relative small heater and a

few thermocouples, like in TCG-3875 sensor, see text below. (c) Top view on ICT membrane with relative large heater and a lot of
thermocouples, like in LCM sensors, see text below.
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the power input. At intermediate frequencies, part of heaterUj,, Ty, depends on the heat capacity of the
the oscillating input power would be used to modulate sample. FronEgs. (1) and (2e obtain
the temperature of the membrane (heat capacity of the

; ) HF, /1 1
membrane becomes important). The rest of the oscil- Capp=i—— "
lating power would result in smaller temperature gra- @ \Th Ty

dient and, therefore, in smaller amplitude of the output The thermopile output voltadgoy (t) is proportional
signal. At high frequency limit (w— o0), tempera- o temperature difference between the hot and the

ture waves would not propagate far from the heater co|q junctions. Since cold junctions temperature stays
and would be already damped when reach to the hot constant, the amplitude dfo.: becomes

junctions of the thermopile. This should result in much
smaller amplitude of the thermopile output and in a Uout = aTh 4
large phase shift between the power oscillations and
the output signal.

Relatively simple case for dynamic heat capacity
measurements would be a situation when the fre-
guency of temperature oscillations is low enough, so _ iaﬂ ( 1 i)

app UOU'[ Uakut

®)

whereq is a calibration factor (real value), which is a
Seebeck coefficient times the number of the thermo-
couples. Substitutingg. (4)into Eqg. (3), we have

®)

that the heater and the hot junctions of the thermopile 1)
oscillate in phase and with the same amplitude, yet .
the frequency is high enough, so that the temperature Where Uout and Ug,, denote the thermopile output
waves are damped completely at the cold junctions @MPplitude (complex value), measured for the empty
of the thermopile. This situation could be realized for and loaded sensor, respectively.

a sensor with a small (relative to the membrane size)

heater and hot junctions very close to it and with 2.2. Apparent heat capacity

cold junctions far away from the heater, as shown

in Fig. 1b. For some ICT sensors with relative large  In general, apparent heat capacity value is measured
heater, as shown iRig. 1c, this situation could never instead of true value because of thermal lag (poor sam-
be realized. Denoting by Hfhe heat flow rate ampli-  ple thermal conductivity, limited thermal contact con-
tude released on the heater andTythe temperature ~ ductance between a sample and a sensor, etc.). For
amplitude of the hot junctions at given frequensy  example, if a small piece of metal is placed on the

(with oscillating part of temperature equalsTigg®?), membrane, then apparent heat capaCifyy “seeing”

we can write for empty sensor: by membrane in first approximation is given[8%?

HFh = iwThCm @) c _ Cp 5
@) = 150K ¢, ©)

whereCy, is the effective heat capacity of the mem-
brane (including ambient gas parametér$jor the whereK is the value of thermal contact conductance
sensor loaded with a sample: between the sample and the membrane @pds the
N true heat capacity of the sample. The locu€gfyin
HFh = [Tk (Cm + Capp @ polar plot is a semicircle, as shown Fig. 2a, with

whereCapp is the apparent heat capacity of the sam- @ diameter equals tG,,. The lower the frequency or
ple, described irSection 3. Since we keep HEon- the higher the thermal contact conductance, the closer

stant by applying the same voltage amplitude to the Capp ist0 C,.

1 All parameters inEgs. (1) to (5)are complex and might be 2 |n [9], temperature oscillations were written &sexp(—ict)
frequency dependent. Note thBi is not necessarily proportional resulting positive phase shift in case of response delay. Internal
to 1/w and that the phase shift between H&nd Ty does not algorithm of the lock-in amplifier, used in experimental setup,
equal tox/2 as it may appear. In this section particular frequency operates with exp(it), resulting negative phase shift in delayed
dependence df, is not of importance since the finkh. (5)does response. To keep the formalism the same throughout the paper
not includeCy,. Notation of frequency dependencé~= f(w), is exp(iet) is used. Therefore, the conjugate value @fpp from

omitted for clarity. reference[9] must be taken. The same is true 6q. (7).
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Fig. 2. Polar plots of an apparent heat capaGy, determined by: (a) a low thermal contact conductance between the sample and the
membrane, (b) a poor thermal conductivity of the sample.

If a sample has a good adhesion with a membrane (PerkinElmer Instruments, USA) was used to run an
resulting nice thermal contact conductance, but poor experiment. The output of the lock-in oscillator was

thermal conductivity, as in polymers, th@€gppin first directly connected to the sensor heater and the output
approximation is given ag@]: of the thermopile was connected to the differential in-
1 put of the lock-in. Unless otherwise stated, dc coupling
Capp(w) = —«Sktanhtkd) (7) mode was used to allow measuring offset value of the
iw : : " ;
) . input voltage in addition to the amplitude and the phase
wherex is the sample thermal conductivi§the sam-  angle. Input voltage after amplification (“monitor”
ple contact area with the membrare= /—iw/x, output of the lock-in) was connected to the auxiliary

x = «lpC, the thermal diffusivity,o the sample den-  jntegrating analog-to-digital converter of the lock-in,
sity, ¢, the sample specific heat capacity ahts the  hich measured the dc component of the voltage. Note
sample thickness. The locus of ti@&ppin polar ot that in spite the offset-less output from the thermopile
is shown inFig. 2b (parametek may have two val- (no heat flow rate—no signal) one has dc component
ues opposite in sign, but they result the same unique jy oscillation mode because of the offset of the peri-
value ofCapp). The lower the frequency or the higher  oic heat flow rate released in the heater. The lock-in
the sample thermal conductivity, the clos&yyis to readings of voltage amplitude are in root-mean-square
C,. In_ addition_,Capp is closer toC, when the sam- amplitudes (rms amplitudeslims = Aly/2 for
ple thicknessl is smaller. In real measuremen@pp  Asinwt or Ad®?). Later in the text, all voltage ampli-
can have influence of both a low thermal contact con- y,des (U4, andUoy) are given as rms amplitudes.
ductance and a poor thermal conductivity, and can be  Ajyminum and two polymer materials were used
given by even more complicated expressions. for the measurements: polystyrene (PS) obtained from
Arco Polymers (PS-Dylene 8y,, = 221,000 g/mol)

. and polycaprolactone (PCL) obtained from Aldrich

3. Experimental Chemie (M, = 55,700 g/mol).

Three types of ICT sensors were used: LCM-2524,
LCM-2506 and TCG-3875 (Xensor Integration, The
Netherlands). Details in the sensors design and man-4. Results
ufacture can be found if6]. For the measurements,
each sensor was placed in a small temperature con-4.1. Frequency response behavior
trolled aluminum box with one opening for equilibra-
tion of pressure and gas composition with surrounding  Thermopile output signal for empty sensors is
air. A computer operated lock-in amplifier DSP-7265 shown inFig. 3. The results are as expected: at low
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Fig. 3. Amplitude (a) and phase angle (b) of the output sidthak vs. frequency of temperature oscillations for different sensors. The
measurements of LCM-2506 were made in dc and ac coupling mode of the lock-in amplifier. The amplitude was normalized for better
comparison since the sensors have different gauge factor.

frequencies the amplitude is constant and the phaseDeviation of the measured phase angle fromt®
angle is the same as that of power oscillatidns. wards lower values at high frequencies corresponds
to phase lag between the power oscillations and the

3 Note that lock-in amplifier measures phase angle relative to the thermopile output. LCM-2524 sensor, having the

oscillator voltage. If this voltage oscillates as &if) then the power,

released on the heater, oscillates ageain= (1 — cos 2t)/2, i.e.

on the second harmonic with the phase shift of 98lative to values and HF in Eq. (5)is considered as a real (not a complex)

the oscillator. This phase shift is subtracted from measutgg number.
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largest membrane (8.5 mm 8.5 mm, 25.m thick), phase angle dvj, = 3 mV. Usage of low amplitudes
shows the slowest response. LCM-2506 membrane is limited by the signal-to-noise ratio, which inevitably
is 3.5mmx 3.5mm and §m thick. This sensor  decreases with decreasitly,. More detailed data of
has a non-linear response at moderate input voltage,high amplitude response are shownHigy. 6. Devi-
and output readings depend on coupling mode (seeation from straight line starts &, higher than 1V,
Section 5for details). These two sensors are specially regardless of voltage frequency.

designed for caloric measurements. The third sensor

(TCG-3875) is actually a vacuum gauge or thermal 4.3. Noise level

conductivity gauge and shows the fastest response.

It has been initially designed to measure an effec-  Noise affects the accuracy of measurements of ther-
tive thermal resistance between the sensitive areamopile output voltageJoy, as can be seen iRig. 5
(silicon-nitride membrane) and the ambience (sensor on the phase angle and amplitudelbd; for the two
support), which depends on the pressure and the typelowest values ofJj,. As the voltage amplitude on the
of the surrounding gas. By coincidence, it has the heaterU;, increases, so does th&,,; and noise can
same construction (shown Ifig. 1) with membrane  become below the detection limit of the main AD con-
size of about 1.5 mnx 1.5 mm and 0.5um thickness,  verter of the lock-in amplifier, as shown fRig. 7.

and can also be used for caloric measurements. Long-term drift in Uy is determined by stability of
temperature, of ambient gas composition andJgf
4.2. Linearity check amplitude.

Test of linearity could prove whether or not a given 4.4. Apparent heat capacity measurements
ICT sensor is suitable to work in oscillating mode and
gives a rough estimate of usable range of amplitude Apparent heat capacity, calculated yq. (5),
of power oscillations. In linear regime, the thermopile is shown in Fig. 8 for the measurements of PS
output voltagdJoyt at given frequency should be pro- droplet and aluminum foil pieces of different sizes
portional to the input power, i.e. to square of input on LCM-2506 sensor. At low frequencies measured
voltage applied to the heatét,. The phase angle  Capp of aluminum reminds semicircles, as discussed
should be independent &, . Fig. 4shows non-linear  in Section 2.2. Because of poor thermal conductiv-
behavior of LCM-2506 sensor at moderadig. Out- ity, Capp Of PS deviates much more from semicir-
put amplitude, as well as phase angle, depends on thecle and reminds partly the shape Gfpp curve in
coupling mode. ac coupling mode results in better lin- Fig. 2b. At high frequencies systematic deviations
earity, but cannot be used to measure total heat flow are appreciable. Some calibration is needed because
rate and at frequencies lower than 1 Hz (because theLCM-2506 sensor has relatively large heater and the
input is connected via capacitance). As can be seen inassumptions, made in derivation Bf. (5), are not
Fig. 4 at frequency of 10Hz and at low;,, ac cou- valid.
pling mode affects the phase angle readings compared ICT sensors are relatively complicated systems
to dc coupling mode; however, there is no detectable to model their response to temperature oscillations.
changes in amplitude. The reason for the non-linearity Another approach was used to empirically calibrate
of that sensor is unknown. There may be some para- frequency response behavior of the sensors by apply-
sitic coupling between the heater and the thermopile. ing calibration algorithm, described if9,10]. Cor-
To get reasonable measurements on that sensor onegected apparent heat capacity of an aluminum disk
should apply voltage oscillatioridj, not higher than (0.782mg) after such calibration is shown Fing. 9
0.1V for LCM-2524 sensor. This sensor has the largest

TCG-3875 sensor shows substantially better linear- membrane and would need the largest correction. The
ity, as shown inFig. 5, deviating only at the highest measured,pp agrees fairly well with theoretical val-
tested amplitudel/i, = 3 V. Different gain factors of ues. For the calibration, a second aluminum disksm
the lock-in preamplifier may result slightly different 1.252mg, K = 0.9mW/K) was used and specific
values of phase angle as reflected by a small step inheat capacity of aluminum was assumed to be 1 J/gK.
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Fig. 4. Amplitude (a) and phase angle (b) of the thermopile output sighat, vs. amplitude of the heater voltagei,, at dc and ac
coupling mode. LCM-2506 sensor at 80, oscillator frequency 10 Hz.

Knowing the correct value oCypp allows deter-
mination of true heat capacity of a samp(@,. In
case of a low thermal contact conductarnCg,equals

to the diameter of a semicircl

| Cappl/cOS(Arg(Gpp)), where Arg(Gpp) is an argu-
ment (phase angle) of compl&gp If a sample heat

capacity is complexC,, value can be calculated from
Capp as describe if11]. Note that in ICT measure-
ment, one should set to zero heat capacity of sample

e in polar plot repre- pan if the sample was measured directly on the mem-
sentation ofCapp and can be determined &3, = brane.

Smaller and thinner membrane of the vacuum gauge
is closer to the ideal simple situation, assumed in
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sensor at 50C. Error bars are much smaller than symbols size.
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Fig. 9. Polar plots of apparent heat capadiy, after dynamic calibration. LCM-2524 sensor at room temperature. Numbers stand for
the frequency of temperature oscillations in Hz.

derivation ofEq. (5), mainly because the heater is very set to 2.5 mV/K (se&ection 4.6). From the value of
small and the hot junctions are much closer to the cen- heat capacity, the mass of the sample can be estimated
ter of the membrane, than in other sensors, as shown into be in the order of 140 ng. The correction is needed
Fig. 1b. A very small droplet of dilute PCL solution in  at frequencies lower than 12 Hz (when probably the
toluene was placed in the middle of TCG-3875 mem- temperature of the cold junctions starts to oscillate)
brane and dried out. The changesUg,: are shown and at frequencies higher than 80 Hz (when a phase
in Fig. 10. After the measurement, PCL was removed lag may exist between temperature oscillations of the
from the membrane by carefully rinsing it in toluene. heater and of the hot junctions). Theoretically, one
It may appear suspicious that phase angle curvescan perform measurements at frequencies up to 2 kHz
of empty and loaded sensor cross each other and thatand still can see the difference between the empty and
above 20Hz loaded sensor looks “faster” (the effect the loaded sensor. In that measurement, the droplet
is even more pronounce Iig. 14b). This can be ex- was accidentally placed half way out of the heater,
plained by considering the steps Gfpp calculation which may account for low value of effective thermal
by Eq. (5). First, let us takdJo,; at around 20Hz  contactK (seeEq. (6)) which leads to decrease in the
(Fig. 11a). Next, take reciprocal values (Fig. 11b). Fi- modulus ofCypp at relative low frequencies for that
nally, multiplication by icHF/w brings the vectors  small sample.
(MUout — 1)U}, into fourth quadrant, as expected
for Capp (Fig. 11c). These steps can be followed back- 4.5. Heat capacity of PS
ward and then it becomes plausible that at some partic-
ular Capp andUoyt the phase angle of output of loaded A droplet of 5% PS solution in toluene was placed
sensor would be larger than that of empty sensor. in the middle of TCG-3875 membrane. The droplet
Apparent heat capacity of PCL sample, calculated was much larger than that iBection 4.4. Then the
by Eq. (5), is shown irFig. 12. The value for was sensor was kept above 100 for 1 day to evaporate
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4.6. Thermopile calibration relatively straightforward by using integrated heater.
To get heat capacity scale, on the other hand, one
Calibration of the gauge factor of ICT sensor (how needs to know calibration factarin Egs. (4) and (5).
it converts a heat flow rate into the voltage output) is One way to determine this parameter is to measure a
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Fig. 14. Amplitude (a) and phase angle (b) of the output signal vs. frequency of temperature oscillations for three measurements of:
(i) empty sensor; (ii) sensor loaded withw@y aluminum; and (iii) empty sensor after removing the sample. TCG-3875 sensor@t 40
Uin = 100 mV, error bars are smaller than symbols size.
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Fig. 15. Polar plot of apparent heat capacity of abouglaluminum. Left and bottom axes represent meas@gg values, calculated by
Eq. (5) by setting the calibration factar to unit. Right and top axes represent theoretiCgl, values, calculated biq. (6). TCG-3875
sensor at 50C. Numbers stand for the frequency of temperature oscillations in Hz.

sample with known heat capacity. Result of calibration points. On the other hand, sample mass and specific

of large ICT sensor (LCM-2524) is already shown in heat capacity of aluminum are known; therefore, ex-

Fig. 9. ICT sensor on much smaller and thinner mem- pectedCypp values can be plotted as well in right

brane of vacuum gauge (TCG-3875) is more sensitive units (J/K) as shown itfrig. 15, open points. At fre-

to thermal load; therefore, much smaller samples are quencies lower than 8 Hz, cold junctions may start

needed for calibratiorfig. 14 shows how amplitude  to oscillate; thereforeCapp calculated byEq. (5) re-

and phase angle df,,; are changed by loading just quires further calibration. This is consistent with the

1 ug of aluminum? results inFig. 12 where measure@,p, at frequen-
The presence of Lg piece of aluminum appre- cies lower than 8 Hz deviates the same way from the

ciably reducedJoy: amplitude and affects the phase expected semicircle. At high frequencies, some sys-

angle. Without knowing the calibration facter in tematic deviation of measureQypp from the semi-

Eq. (5), one actually calculates heat capacity in J/V circle may be caused by dry inhomogeneous thermal

units. ThatCypp values are shown ifig. 15as bold contact conductanck between the sample and the

membrane, which would have additional frequency

4 Actual mass of that aluminum sample could differ by a factor of dependence.

2 since the author did not have access to sensitive enough balance. ; ; i ;

A mass of much large piece of aluminum foil was detergmined to ME.EltChlng both s_calgs n tl’lé!g: lSr.eSUItS N an ap-

be 60-7Qug , after that a 1/64 part of it was cut out and used proximate determlnatlor_w of Ca“pr_atlon factor @s=

for the measurement. Sample mass was the major source of error 1 MV/K. Xensor Integration specifiedfor TCG-3875

in o determination. to be equal to 2-2.5mV/K. Exact is necessary for
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Fig. 16. Total heat flow rate with calibration pulse ofu®/ vs. time. TCG-3875 sensor at 50, oscillator frequency 10 Hz, integrating
time 100 ms.

correct determination ofC;pp Since experimental 5. Discussions
determination oftx had significant uncertaintiea, =

2.5mV/K was used for further calculations. Commercially available ICT sensors provide rela-
tively broad frequency range from 1 mHz up to 100 Hz
4.7. Total heat flow rate calibration and higher for temperature modulated calorimetry.

Note that these sensors were not designed for optimum

Along with complex heat capacity measurements, frequency response performance. The construction of
based on oscillating part of the total heat flow rate, ICT the membrane, optimized for faster response, might
allows to measure simultaneously an average value of have hot junctions just beneath or on top of the heater
the heat flow rate into or out of a sample. Although the and the heater itself can be uniform planar geometry,
presence of a sample on the membrane can change thénstead of frame-like shape. TCG-3875 sensor has a
overall heat transfer outside of the sensor, the gaugelittle advantage in response time relative to LCM-2506
factor can be calibrated in situ by the integrated heater. (seeFig. 3) because of slightly smaller lateral size,
The capability of measuring heat effects by LCM sen- but it has much higher sensitivity because the mem-
sors is documented if6,7]. Calibration of the heat  brane is much thinner. Sensitivity can be further
flow rate scale of the vacuum gauge TCG-3875 is improved by scaling down the sensor size and mem-
shown inFig. 16. The calibration was done by chang- brane thickness. From the performance point of view,
ing the oscillator amplitude from 20 to 40mV and it is more interesting to discuss the smallest available
back to 20 mV. Since the resistance of the heater was sensor.
61022, the power changed for aboupV. Averaging For the vacuum gauge sensor, the main heat transfer
of the thermopile output voltage was performed by is carried through the gas rather than through the mem-
integrating AD converter of the lock-in over 100 ms, brane itself. Although thermopile senses only tem-
which corresponds to two periods in heat flow rate os- perature gradient across the membrane, this gradient
cillations. directly related to the heat losses via gas, allowing
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correct heat flow rate measurements. TCG-3875 showsperature oscillations heating rate amplitudgequals
a very large, at least 6 orders of magnitude, dynamic to 14 K/s. The resolution of heat capacity calculation
range of periodic heat flow rate measurements, as cancan be estimated &, ~ §HF/Aq = 60 pJ/K. Note
be seen frontig. 5. At the very high heater voltage that this resolution can be achieved at room tempera-
(3V), the output is lower than expected. The reason tures in ambient air quasi-isothermally with relatively
for lowering the amplitude obly is the overheating  small temperature oscillation amplitude of 0.1 K.
of the center of the membrane. At higher temperatures, As shown inFig. 16, the total heat flow rate resolu-
the resistance of the heater becomes higher result-tion by TCG-3875 is about 20 nW. Further smoothing
ing lower power release than expected. In addition, the curve may improve the heat flow rate resolution,
thermal conductivity of surrounding gas is increased, but may worsen the resolution in time. Resolution of
improving thermal coupling between heater and the the heat flow rate amplitude is much higher (about
surrounding. Therefore, at the same input power 0.5nW) due to signal recovery principle of the lock-in
the amplitude of temperature oscillations decreases, algorithm. The same is true for other sensors: using
resulting in lower thermopile output. Changing the temperature oscillations improves calorimetric resolu-
Seebeck coefficient and increasing the membrane heation. Sample heat capacity can be much smaller than
capacity may further affect the system response at high that of the membrane. For example, |ig piece of
Uin. At Uin = 3V and at 1 Hz of voltage oscillations, aluminum is smaller and thinner than the membrane
Uout equals to 0.2V, which corresponds to 113K of of LCM-2506 sensor, but can be accurately measured,
temperature amplitude (assumiag= 2.5mV/K and as shown inFig. 8. Dried out PCL droplet of 140 ng
remembering thatoyt is rms amplitude value). As  (Fig. 12) had lateral size of aboutZImm x 0.2 mm
can be seen frorhig. 3a, at 2 Hz of power oscillations  and, therefore, was aboutudn thick. This is larger
Uout Of TCG-3875 sensor almost reached saturated than the membrane thickness of the vacuum gauge,
value, which means that the temperature already os-but as the insert ifrig. 10suggests, the sensor is ca-
cillated between ambient and some maximum value. pable to resolve easily much smaller thermal load, i.e.
Since the amplitude of temperature oscillation equals much thinner samples can be measured. The repeata-
to 113K, average heater temperature is 113 K above bility is not an issue because the second run results
ambient temperature. At 100Hz of voltage oscilla- the sameJgy: values within experimental uncertain-
tions and atlUj, = 3V Ugyt equals to 60 mV, which  ties, which are much smaller than symbols size in the
corresponds to 34 K of temperature amplitude. To be scale ofFig. 10.
able to realize such a large temperature oscillations at The membrane of TCG-3875 sensor is very vul-
200 Hz, the center of the membrane has to be heatednerable. However, if a care is exercised, then loading
up and cooled down with the heating rate amplitude and unloading a sample will not irreversibly change
of about 43,000 K/s so that the maximum cooling rate the membrane. As one can see fréfiy. 14, after
at least equals to 43,000 K/s. That high cooling rate is removing the sample, membrane shows exactly the
possible because of very low thermal inertia of the thin same response as before loading, indicating good re-
membrane and of the cooling medium that is 0.5 mm producibility.
air gap between the membrane and the heat sink of the The calibration of sensor frequency response allows
sensor. Narrowing this gap or using helium as purge extending low and high limits of the frequency range
gas may easily increase further the maximum cooling where Eqg. (5) is valid. For example, at 0.08 Hz of
rate, but also may degrade the heat flow rate sensitivity. temperature oscillations the amplitude and the phase
Gauge factor of TCG-3875 sensor at ambient air is angle ofUg; of LCM-2524 sensor almost reaches the
about 22.75V/W. The uncertainties in the measure- low frequency limit values (se€ig. 3), butCapp after
ment of thermopile voltage amplituddJy,: can be calibration is as expected (s€@. 9).
below 20 nV, as shown ifig. 7. This means that un- In general, ICT method for complex heat capac-
certainties in determination of the heat flow rate am- ity measurements is applicable for all tested sensors.
plitudedHF are below 0.8 nW. At the same tingg, Note that in spite the fact that the heater and the ther-
equals to 0.2mV, which corresponds to the tempera- mopile do not have radial symmetry and in spite of
ture amplitude in the order of 0.1 K. At 20 Hz of tem-  further complications in sensor geometry (different
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