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Nanoscale Calorimetry Using a
Suspended Bridge Configuration

Shu Zhang, Yoed Rabin, Yizhang Yang, and Mehdi Asheghi

Abstract—A new setup for small-scale differential scanning
calorimetry (DSC) studies based on a suspended bridge configu-
ration is presented. The new setup has three major advantages
over previously reported DSC setups: 1) superior temperature
uniformity in the bridge cross section; 2) less heat loss to the
surroundings by at least two orders of magnitude; and 3) a faster
transient response by three orders of magnitude. This paper in-
cludes a thermal analysis to support these improvements. A major
contribution of the new thermal analysis over previous reports is
the inclusion of the thermal mass of the substrate in calculations,
which makes thermal design more detailed, dramatically affecting
accuracy and sensitivity in measurements. Furthermore, the new
thermal analysis more accurately accounts for heat loss to the
substrate and the surroundings in efforts to resolve suspected in-
consistencies in previously reported data. Experimental validation
of the new setup is presented by measuring the specific heat of
thin layers of SiO, and CoFe. The specific heat of SiO, was found
to be 2.2 x 10® Jm 3 K™, which is nearly 10% different from
the literature values of bulk specimens. For CoFe, the specific
heat value of 3.16 x 10® Jm ™ K™ is obtained using differential
Cu/SiO2 and Cu/SiO2/CoFe structures compared to the value
of 3.5 x 10° Jm~3 K~ obtained using single CoFe suspended
structure. [1449]

Index Terms—Differential scanning calorimetry (DSC),
frequency domain, nanocalorimetry, suspended bridge, thermal
analysis, time domain.

I. INTRODUCTION

ALORIMETRY is the process of quantifying internal en-

ergy changes as a result of temperature changes, in which
the measure of the internal energy is the thermophysical prop-
erty of enthalpy. In a single-phase process, changes in internal
energy are associated with temperature changes (sensible heat),
and the amount of energy required to elevate the temperature
of the material in one degree of temperature is known as the
thermophysical property of specific heat. When the tempera-
ture of the material exceeds the phase transition temperature,
additional energy is required to rearrange the bonds between
the molecules of the material. In a pure material, this energy
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change is not associated with a change in temperature and is
known as the thermophysical property of latent heat. In a non-
pure material, in which rearrangement of molecular bonds may
take place sequentially over a temperature range, the distinction
between sensible heat and latent heat is not easy to establish,
and the combined effect is typically measured. The rate at
which internal energy changes can take place in a non-pure
material is bounded by many factors, and the analysis of the
kinetics of such a process is quite challenging.

The increasing need to quantify internal energy changes on a
small scale—whether in the form of sensible heat or in the form
of latent heat—motivated the current study [1]-[3]. Over the
past few years, the need for small-scale measurements led to the
development of small-scale calorimetric techniques, which are
primarily based on electrical resistance heating and thermom-
etry. The related small-scale calorimetric setups typically have
the configuration of a patterned bridge sensor on a suspended
substrate, which allows for low-power and high-sensitivity
measurements (on the order of 100—1000 nJ). Reports on such
techniques include measurements of enthalpy changes associ-
ated with phase transition, melting point depression, reduction
of melting enthalpy, abnormal discontinuities in the heat of
melting for small particles in the range of 2-5 nm [4]-[9], and
specific heat measurement for samples in the range of 3-5 ug
[10], [11]. While the above reports revealed novel phenomena
associated with small-scale heat transfer, simplified thermal
design of early sensors and techniques affected the quality
of measurements. More specifically, the thermal mass of the
substrate has been neglected in thermal analyses of the previous
setups, which dramatically affected the accuracy and sensitiv-
ity of measurements. Furthermore, simplified thermal analysis
of heat loss from the substrate to the surroundings affected
measurements and may have been one of the key sources for
inconsistencies in previously reported data. Tai et al. [17] and
Arx et al. [20] used microbridges to measure the thermal
conductivity of heavily doped polycrystalline silicon films and
the thermal conductance and heat capacitance of complemen-
tary metal-oxide—semiconductor integrated circuit layer sand-
wiches, respectively, which lead to a more uniform temperature
distribution within the bridge cross section and a better approx-
imation of the bridge as a lumped system.

In this paper, an improved thermal analysis of a previously
reported small-scale calorimetric setup [9] is proposed. This
analysis reveals the motivation in developing an improved
calorimetric technique for small-scale studies. Next, a new
setup for small-scale calorimetry is presented based on a sus-
pended bridge configuration. The new technique is based on
data analysis in both time and frequency domains. Finally, a
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Fig. 1.

validation test is carried out and presented on Cu, SiO2, and
CoFe, which have been used extensively in semiconductor and
data storage applications.

II. PRIOR ART: DIFFERENTIAL SCANNING
CALORIMETRY (DSC) AND DIFFERENTIAL
THERMAL ANALYSIS (DTA) TECHNIQUES

The most commonly used calorimetry techniques are DSC
and DTA, as illustrated in Fig. 1. In DTA, a single heater is
used to elevate both the temperature of a measured sample
Ts and the temperature of a reference specimen Tr while the
temperature difference between the sample and the reference
Ts—TR is measured continually. By contrast, two independent
heaters are used in DSC in order to elevate the temperature
of the sample and the reference. Using a closed-loop control
system, the power on each of the DSC heaters is controlled
in order to maintain the same temperature in the sample and
the reference Ts = T’r, while the power difference between
the heaters is continually recorded Ps—Pgr. Fig. 1(c) shows
typical output from the DTA and DSC setup. Note that the DTA
curve is similar to an inverted DSC curve. The baseline value
shown in Fig. 1(c) corresponds to the difference in the thermal
properties between the sample and the reference. The sudden
change of the output signal from its baseline value corresponds
to a sudden change in internal energy of the sample, possibly
related to phase transition.

Lai et al. [12], [13] introduced a new generation of small-
scale DSC devices, which use two identical electrical resis-
tance heating/thermometry patterned metallic bridges on a
suspended membrane [Fig. 2(a)]. This microstructure consists
of a 100-nm-thick amorphous Si—-N suspended membrane and

Schematic illustration of devices for (a) DTA, (b) DSC, and (c) typical output during DTA and DSC experiments.

two thin-film Ni bridges deposited on top of the membrane.
Both bridges have identical dimensions: effective length of
8 mm, thickness of 30 nm, and width of 0.4 mm. The combina-
tion of overlying layers allowed each bridge to serve as both a
heater and a thermometer. A thin Sn layer was deposited on the
opposite side of the membrane using a shadow mask, which has
approximately the same width and length as the Ni heater, and a
thickness of 1 nm. The bridge at the vicinity of the Sn layer to-
gether with the Sn layer was defined as the “sample structure,”
while the other bridge was defined as the “reference structure.”

Measurements were performed by applying a current pulse to
the metal bridges while recording the resulting voltage versus
current on the bridge. The power input to the reference structure
and the sample structure was calculated as the product of the
measured voltage and current. The resistance of the bridge was
calculated as the ratio of voltage-to-current, and the bridge tem-
perature was calculated from a calibration curve of electrical
resistance as a function of temperature, which was prepared in
advance. As illustrated in Fig. 2(b), the reference voltage Vg
continually increases with time due to the increase in electrical
resistance with the increase in temperature. The sample voltage
Vs responded slower in comparison with the reference voltage
due to the additional thermal mass of the Sn sample. The
constant voltage output segment—between 6 and 8.5 ms in
Fig. 2(b)—is likely to correspond to the melting process of
the Sn sample. During Sn melting, internal energy changes
associated with the latent heat effect overwhelm internal energy
changes associated with the sensible heat effect.

Lai ez al. [12], [13] applied the following underlying assump-
tions in their data analysis: 1) heat losses to the surrounding
are negligible and 2) although constructed on a membrane, the
bridge specimen structure can be approximated as a lumped
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Fig. 2. Schematic illustration of (a) membrane-based microcalorimeter [12],
[13] and (b) typical voltage output during phase change.

system. Under these assumptions, the sensible heat can be
calculated from an energy balance on a lumped system

dT
P =1V =wblC,— 1
where w, b, and [ are the width, thickness, and length of the
lumped system, respectively, C,, is the specific heat, and ¢ is
time. Further assuming that the specific heat is constant, (1) can
be rewritten in a more practical form for data analysis

t
/ Pdt = wblC,y(T — To) )
to

where T is the temperature at initiation of the experiment at
time to.

Finally, when a change in internal energy occurs as a result
of a phase change process, the sensible heat term can be
substituted with a latent heat term as

t
/ Pdt = wblH 3)

to

where H is the latent heat. For a non-pure material—as is the
case in many small-scale experiments—Ilatent heat is released
over a temperature interval known as the phase transition tem-
perature range. Hence, (1) is commonly used for phase transi-
tion processes as well, but then the term “effective specific heat”
is used instead of the intrinsic property of specific heat. The
dynamics of phase transition is a function of many factors, such
as the heating rate and the typical dimensions of the structure
[4], [5]. The technique presented above is also applicable to thin
films of liquids [6]-[9].

III. THERMAL ANALYSIS OF PRIOR ART

With reference to Fig. 2, three typical dimensions character-
ize heat transfer on the membrane suspended sensor: w, b, and
l in the z, y, and z directions. With respect to heat transfer in
the y-direction, the Biot number is defined as

. bU

Biot = A )
where k is the thermal conductivity, and U is the overall
heat transfer coefficient to the surroundings, which combines
radiation and convection effects. A typical Biot number for
the calorimetric setup is less than 10~7, where the typical
membrane thickness is on the order of 100 nm, the typical
thermal conductivity is on the order of 1-100 W/m-K, and
the typical heat transfer coefficient value is 15 W/m2-K. This
low Biot number indicates that the bridge—membrane system
can be lumped in the y direction, and as a result, the follow-
ing analysis addresses temperature distribution in the z and
z directions only.

Since [ is typically an order of magnitude longer than w,
and in order to estimate the temperature distribution in the
z-direction at the center of the sensor—-membrane setup, this
setup can be approximated as infinite in the z direction for the
purpose of the current analysis. Under these conditions, the heat
transfer problem in the x direction can be presented as

_ ) Yo,
q_{o7

where k and « are the lumped properties of thermal conductiv-
ity and thermal diffusivity in the y direction, respectively, and
o 1s the volumetric heat generation in the bridge.

The solution of (5) for the elevated temperature in an infinite
domain, assuming a uniform initial temperature, is recompiled
from Carslaw and Jaeger [14]:

1—2i2erfc (2\}%)—22'2@& (J%) ,0<¢e<1

2i%erfc <2 f;f )—2i26rfc (2 f';} > , 1<é<o0
Oy Oy

18T_82T q

1or _oT . a 0<z<w/2
a dt  0x2 K’

w/2 <z < oo )

(6)
We use the following dimensionless numbers:
at T qow? T
% (w/2)?’ v Fo,Ao’ © 4k -’ ¢ w/2

)
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Fig. 3. Temperature ratio ¢ (6) representing the deviation of the temperature

distribution across the sensor bridge from a uniform value; ¢ = 1 everywhere
for a lumped system.

where

1
ierfe(y) = 1

2
(1+ 29?)erfe(y) — Nt exp(—7%)|  (8)

and where v is a dummy variable. Note that the product of
Foy,Aop is the elevated temperature if the sensor-membrane
couple could indeed be considered as a lumped system.
Therefore, the parameter ¢ represents the ratio of the actual
temperature elevation to the elevated temperature that would
develop in the system if the system could be considered
lumped.

The temperature ratio ¢ is a function of the dimensionless
location ¢ and the dimensionless time Fo,, which is also
known as the Fourier number. In the thermal sense, a process
characterized by a small Fourier number (< 1) is known to be
at its initiation, while a process characterized by a large Fourier
number (1 <) is approaching a steady state. For example, the
sensor—-membrane setup described by Efremov et al. [9] has a
width of 0.5 mm, a typical duration of experiment of up to 8 ms,
and the Fourier number for the system described there has a
range of 0.24-0.44 with the thermal diffusivity reported by
Zhang and Grigouopoulos [15].

Fig. 3 presents the temperature ratio ¢ as a function of the
dimensionless location ¢ for various Fo, values, as calculated
from (6). The average temperature ratio value in the range of
0<€<1is 0.962, 0.816, 0.752, 0.638, and 0.296 for Fo,
values of 0.01, 0.24, 0.44, 1, and 10, respectively. It follows that
for the experimental conditions reported by Efremov et al. [9]
(dash line), for example, the average elevated temperature in the
sensor after 8 ms of experimentation is only 75%—-82% of its
expected elevation if it indisputably behaved like a lumped sys-
tem; this leads to an 18%—-25% error in specific heat estimation
in this particular example. The effect of the heater’s diffusivity
is neglected in this discussion when the heater’s thickness
is negligible compared with the membrane’s thickness; for
the case where the heater’s thickness is comparable with the
membrane’s thickness, the temperature profile within the metal
strip will be flatter because of the metal strip’s higher thermal
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conductivity, which will leads higher Fo, values—the cost
for the more uniform temperature profile is that the heat loss
through the membrane will increase since the energy for the
control volume is conserved.

The DSC setup reads the difference between the reference
bridge and the sample bridge, which will reduce but not com-
pletely cancel out the error introduced by heat loss through the
membrane. The reason is that the effect of adding the specimen
on the sample bridge will be distributed in a similar manner to
the effect of the bridge-membrane couple as discussed above,
which will make the heat loss through the membrane to be
different for the sample bridge and the reference bridge. The
result is verified by ANSYS finite-element simulations. With
setting value of 4.3 x 10® J/m?, the average temperature of the
metal strip is obtained by averaging the element temperature
under that area, and the latent heat of Sn is calculated as 4.74 x
10% J/m3 with the method reported by Efremov et al. [9],
which represents 10.2% error.

In this regard, it could be argued that the DSC setup reads the
difference between the reference bridge and the sample bridge,
and therefore the lumped system assumption is not critical
for the analysis. However, the effect of adding the specimen
on the sample bridge will be distributed in a similar manner
to the effect of the bridge—-membrane couple, as discussed
above. While the DSC concept is set to capture differences be-
tween similar bridges, data analysis for obtaining thermophys-
ical properties based on previous setups is not straightforward,
and (1)—(3) cannot be used for this purpose.

The underlying assumption that the sensor is infinitely long
in the z direction was made here in order to simplify the
mathematical analysis and the solution in (6). However, this
simplification leads to the best-case scenario, while the actual
2-D nature of the heat transfer process on the membrane sur-
face will reduce the maximum temperature for any given Fo,
number; this will also increase the magnitude of temperature
distribution on the membrane surface. Hence, further 2-D or
3-D thermal analysis is not deemed to be useful.

It can be concluded that the temperature distribution in the
setup presented by Efremov et al. [9] can by no means be con-
sidered uniform, which makes the lumped system assumption
questionable. At least two alternatives are available to correct
this technical problem: improving the data analysis technique
(which is expected to become very cumbersome) or redesigning
the sensor—substrate setup, which is the subject matter of the
current report.

IV. NEw DSC SETUP

The design concept applied for the development of the new
setup is that the sensor must be, as much as possible, thermally
insulated from the substrate, which led to a suspended bridge
configuration [17], [20]. This is expected to lead to a more
uniform temperature distribution within the bridge cross section
and a better approximation of the bridge as a lumped sys-
tem, as discussed above. This configuration can also increase
measurement sensitivity, as discussed below. The design and
construction of the new DSC setup was performed at the
Carnegie Mellon Nanofabrication Facility.
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Fig. 4. Schematic of the bridge—substrate setup at various stages of fabri-
cation. (a) CoFe is sputtered on half of the Si substrate. (b) SiO2 and Cu
layers are sputtered on top of the entire wafer and then spin photoresist on top.
(c) Photoresist layer was patterned by Geophysis Corporation of America
(GCA) stepper and developed. (d) Sections of CoFe, SiO2, and Cu are removed
by ion milling, and the photoresist is removed by acetone rinse. (e) Photoresist
is spun and patterned to form trenches beside the bridges. (f) SFg plasma etches
Si through the trenches to suspend the bridges. (g) Photoresist is removed by
oxygen plasma etch. (h) Photo of the fabricated bridge.

Schematic illustrations of the fabrication process, and a
photo of the sensor, are shown in Fig. 4. The fabrication process
included the following steps.

1) The fabrication starts with the deposition of 144-nm-
thick CoFe on top of a Si substrate coated with 10-nm-

thick thermally grown SiOs layer. Only one-half of the
Si substrate is covered with the CoFe layer by using a
shadow mask during the sputter process [Fig. 4(a)].

2) A 105-nm-thick layer of SiO5 and a 144-nm-thick layer
of Cu are successively sputtered over the entire substrate.
Next, a photoresist layer, with a thickness of about 1 pm,
is spun [Fig. 4(b)].

3) A standard lithography process is performed with a GCA
stepper to pattern the photoresist layer, which is later used
as the protecting mask in the ion milling step that follows
[Fig. 4(c)].

4) The pattern is copied from the photoresist layer to the
structure layer (CoFe/SiO3/Cu) by a 10-min ion mill
etching application. Following the ion milling, the pho-
toresist layer is removed by an acetone rinse [Fig. 4(d)].

5) A second lithography is processed to produce trenches,
which are used for access in the next plasma etching step.
With careful alignment control, the trenches are precisely
positioned so that each metal strip is located between two
trenches [Fig. 4(e)].

6) SFg plasma is used to etch the Si under the metal bridge
through the trenches produced in Step 5). The SF¢ plasma
has high selectivity between the Si substrate and the metal
layer (> 100:1) and is used to ensure that the metal
bridge can be suspended without damage [Fig. 4(f)].

7) In order to remove the photoresist layer and to protect
the suspended bridge, an application of 30 min of oxygen
plasma is chosen [Fig. 4(g)] (instead of the commonly
applied acetone rinse for photoresist removal).

8) Finally, the sample is glued to a chip carrier and processed
for wire bonding.

A microscopic photo of the suspended bridge is shown in
Fig. 4(h). The bridge with the layer of CoFe is the sample
bridge, and the bridge without the CoFe layer functions as the
reference bridge [see also Fig. 2(a)]. The layer of SiO; is used
as an electrical insulation layer between the Cu layer and the
CoFe layer.

The most challenging aspect of the fabrication process is
making the sample bridge and the reference bridge identical. In
order to minimize the uncertainty introduced by fabrication, the
dies (which include the sample bridge and the reference bridge)
are designed to be close together on the same Si substrate.
Note that the sputtering and lithography processes are the
main uncertainties that are introduced by fabrication. The Cu
layer and the SiOq layer are sputtered in CVC Connexion 6
Target Sputtering System with uniformity of better than 2% and
in 8L 3 Target Sputtering Machine with uniformity of better
than 5% over the 3" Si substrate, respectively. The distance
between the sample bridge and the reference bridge is roughly
~15 mm, which leads to an uncertainty in the thickness of Cu
of 0.4% and of SiOy of 1%. The reported uncertainty level
was experimentally verified by using profilometer in thickness
measurement after the sputtering process. The uncertainty in
width introduced by lithography is estimated to be less than
0.1%. The resulting uncertainty in volume is ~1.1% (the square
root of the sum of the square uncertainties). For a typical
temperature elevation of 10 K, typical bridge dimensions of
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244 nm x 15 pm x 200 pm, and a typical specific heat value
of 3.11 x 10% Jm =3 K~ (see Section VII), the typical energy
consumption by the bridge is 23 nJ, and the typical uncer-
tainty in measurement due to uncertainty in the bridge volume
is 0.253 nJ.

V. THERMAL ANALYSIS OF THE NEW DSC SETUP

The superiority of the new setup originates from its sus-
pended bridge configuration, which adds a significant thermal
barrier between the bridge and the underlying membrane. The
thermal resistance to heat transfer by conduction is proportional
to the thickness of the barrier but inversely proportional to the
thermal conductivity of the barrier. Radiation effects also take
place between the bridge and the substrate. For small temper-
ature difference between walls, where the gap is transparent,
and for maximal heat transfer between black walls, the effec-
tive heat transfer coefficient by radiation h,,q can be approx-
imated from

¢" =0 (T} - Ty)
=0 (T? +13) (Ty + T)(Ty — T»)
:hrad (Tl - T2) (9)

where o is the Stefan—Boltzmann constant. For example, for
maximum wall temperatures of 293 and 493 K [9], the effective
heat transfer coefficient by radiation is 14.6 W/m2-K, which
leads to a thermal resistance to heat transfer by radiation of
0.068 m?-K/W (the inverse of the heat transfer coefficient).
The thermal conductivity of air under the vacuum condition of
5 x 1074 torr is 4.3 x 1078 W/m-K, which was calculated as
one-third of the product of the volumetric specific heat, sepa-
ration distance between the suspended bridge and the bottom
of the silicon cavity, and the average molecular velocity [16].
It is noted that the mean free path in air under such vacuum
conditions is longer than the fabricated bridge-to-wall distance,
and that the bridge-to-wall distance is used as the modified
mean free path in the calculation. The thermal resistance to
heat transfer of 50 ym deep air gap is 11.5 m2-K/W (the
depth of the air gap divided by the thermal conductivity).
In comparison, the resistance to heat transfer by the copper
bridge is 2 x 107 m2-K/W. It follows that radiation effects and
air conduction at low pressures do not significantly decrease
the thermal resistance between the suspended bridge and the
substrate in the new setup.

Since thermal resistance to heat transfer by radiation is com-
parable to thermal resistance to heat transfer by gas conduction,
because it has already been shown that the Biot number is
very small in the y direction, and because the Biot number in
the new setup is also very small in the x direction, a uniform
temperature distribution can be achieved in the bridge cross
section.

The discussion turns now to the transient response of the
DSC setup. The transient response is related to the ability of
the bridge to change its temperature as a result of internal
energy changes in the specimen. The transient response of
previous setups [4]-[9] is affected by the thermal mass of the
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bridge as well as the thermal mass of the membrane. As can
be concluded from Fig. 3, there is a thermally affected region
in the membrane to which some of the heat is transferred from
the bridge. As a first-order approximation, if it is assumed in
the current analysis that all the materials involved have similar
volumetric specific heat, then the transient response is directly
proportional to the effective volume of the bridge—substrate
couple. In previous setups (and as can be approximated from
Fig. 3), the effective width of the setup is at least three times
the width of the bridge, and the effective thickness (including
the bridge and the substrate) can easily exceed ten times the
thickness of the specimen. It follows that the effective volume
(the thermally affected volume) in the previous setup is at
least 30 times the volume of the specimen. However, in the
suspended bridge setup, the width of the affected volume is the
bridge width, and the affected thickness is the bridge thickness,
which is about three times the specimen thickness. It follows
that the effective volume of the new setup is an order of
magnitude smaller than the affected volume of the previous
setup if the bridges of both setups are identical. In practice,
the width and thickness of the bridge in the new setup are
significantly smaller than the previous setup. Of course, the
current discussion concerns the affected volume and not the
affected thermal mass (= volume X specific heat). However,
while a detailed analysis of the thermal mass may lead to a
better approximation of the transient response, it is not expected
to affect the magnitude of the difference between the pervious
and the new setup. Due to the smaller thermal mass (at least
an order of magnitude) of the new setup and the two orders
of magnitude higher thermal resistance between the bridge and
the substrate in the new setup, the transient response of the new
setup is expected to be three orders of magnitude faster than
that of the previous setup.

In summary, the new setup of a suspended bridge has
three major advantages over the prior setups discussed above:
1) higher temperature uniformity in the bridge cross section;
2) lower heat losses to the surroundings by at least two orders
of magnitude; and 3) transient response that is three orders of
magnitude faster. It can be farther concluded that data analysis
for the previous DSC setup is significantly less accurate due
to the neglect of heat loss to the surroundings, significant
nonuniformities in temperature distribution, and ignoring the
coupled thermal effect of the bridge and the substrate.

VI. DATA ANALYSIS OF THE NEwW DSC SETUP

The method of data analysis with the new setup is based both
on the time-domain approach, which uses a pulse heating tech-
nique, and on the frequency-domain approach, which utilizes
the so-called “3w” technique. The approach to the time-domain
analysis is presented here to enable sensitivity analysis in the
new setup, while the approach of frequency-domain analysis is
applied for validation of the experimental setup.

A. Data Analysis in the Time Domain

The experiment begins (¢ = 0) by imposing a current pulse
(a step-like function) of amplitude I on the Cu layer of the
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sample bridge. As a result, the temperature of the entire sample
bridge is warmed. Following the thermal analysis presented
above, it can be assumed that all generated heat is conducted
along the bridge structure to the substrate through the bridge
ends. This assumption becomes stronger if the setup is placed
in a vacuum chamber. The thermal process can be modeled as a
1-D heat conduction problem in a thermal fin, which is driven
by a uniform volumetric heat generation. Neglecting surface
heat loss by radiation and conduction, and following the same
approach described in [17], the governing equation becomes

0T
022

I’Ry
wblk

1 or
oy Ot

14 ae(T —To)] = (10)

where k is the equivalent lateral thermal conductivity of the
bridge, Ry denotes the electrical resistance of the bridge, cv,
is the temperature coefficient of the electrical resistance (TCR),
and «, is the equivalent thermal diffusivity of the bridge. The
boundary conditions are given by

T(z=0)=Ty, T(z=1)=Tp (11)
and the initial condition is
Tt=0)=Tp (12)

Heat loss from the surface by radiation is certainly important
if the bridge is long and if the temperature difference between
the bridge and the substrate is great. However, for simplicity,
the discussion with regard to radiative heat transfer is delayed.
We use the following parameters:

2R,
=TTy, 6= 2 = Sarer.
0 kwor) T

13)

The governing equation, boundary conditions, and initial
condition can be written as

%0 9 1 00
0(z=0)=0; O(z=1)=0 (15)
0(t=0) =0 (16)
The solution of (14)—(16) is
0=055(2)+0:-(2,t) a7
0 (cosm(z—1/2)
055(2)_W (cos(ml/Q)_l) (18)
_ Fo.(1/2)*60e: S i (PTEN -2 (nm)?
O (z,t)=¢ 21:0" sm( l )e (19)
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Fig. 5. Deviation from an adiabatic condition 7 (in percentage) (22) and the

deviation from isothermal condition, which is defined as the portion of the
bridge length with temperatures less than 95% of the maximum temperature
(found at the center of the bridge).

where
_ apt
Fo, = 12
C, = f(_ass) sin(fB,2)dz

12

/annli, n=1,2,3,.... (20)

If heat losses by radiation and conduction through the sur-
rounding gasses become significant, the following modifica-
tions are required:

hconv,bottom + hconv,top + 2hmd
kb

m? =g —

Rraq = 4eo TS (21)

Adiabatic and isothermal conditions are the most critical
concerns in DSC thermal design. If adequately satisfied, these
conditions allow the bridge to be considered as a lumped
system, and (1)—(3) can be applied to extract the thermophysical
properties of specific heat and/or enthalpy. Otherwise, data
analysis becomes far more complicated, and the uncertainty
in the analysis becomes difficult to estimate. Fig. 5 shows the
predicted deviation from adiabatic and isothermal conditions in
the proposed suspended bridge structure as a function of time.
The deviation from an adiabatic condition is defined as the ratio
of heat loss by conduction to the surrounding substrate to the
imposed electrical power

2 [ kwbil |,y dt’
Pt '

n (22)

The assumption of fixed temperature at the base of the
bridge, (11), is verified by numerical, analytical, and infrared
thermometry, which indicates that the temperature rise at the
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base (< 0.1 K) is nearly two orders of magnitude smaller
than the typical maximum temperature rise at the center of the
bridge (~10 K). In addition, there might be a concern regarding
the accuracy of the boundary condition described by (11) and
the actual boundary condition prevailed in the vicinity of the
suspended membrane where the voltage probe is positioned
somewhat away from the base of the suspended bridge. It
can be shown that the thermal resistance from the voltage
probe-bridge intersection to the substrate along the voltage
probe is about 50 times larger than the thermal resistance
between the voltage probe-bridge intersection and the base
of the suspended bridge [Fig. 4(h)], which indicates that the
boundary condition represented by (11) prevails.

The deviation from the isothermal condition is defined as the
portion of the bridge length with temperatures less than 95% of
the maximum temperature (found at the center of the bridge).
The typical time constant 7 in Fig. 5 is defined as [*/a,72,
where, at a time equal to one time constant of the system, the
first exponential term in the series presented in (19) equals e ™.
Using ke = 1 W/em-K, ceg = 3.43 J/em3-K, and [ = 200 pm,
7 is calculated to be 139 ps.

For example, it can be seen from Fig. 5 that at 1% of the
typical time constant (i.e., ¢/7 = 0.01), the deviation from a
perfect adiabatic condition is 5.5%, and the deviation from a
perfect isothermal condition is 10%. For typical experimental
parameters, the longitudinal F'o, number at this stage is in the
range of 0.1-1. It is noted that a typical duration of experiment
using the new setup is on the order of 10 us, while a typical
duration of experiment using the previously reported setups is
on the order of 10 ms. When the deviation from isothermal
and adiabatic conditions is sufficiently small, only then will
the specific heat of the bridge be approximated as the ratio of
imposed power to the resulting elevation in temperature.

Note that due to the 1-D nature of the heat transfer process
in the new DSC setup, such a quantitative analysis is feasible.
Analysis of the previous setups requires 2-D analyses, where a
closed-form solution, such as the one presented by (10)—(21), is
not available.

B. Data Analysis in the Frequency Domain

The so-called 3w method is used for data analysis in the
frequency domain, which has already been used extensively for
the thermal characterization of thin films [18]-[21]. Following
the procedure described in [20], expressions for the amplitude
and phase delay of temperature in a suspended bridge subjected
to a periodic Joule heating are obtained. This method is based
on imposing an ac current on the bridge with an angular
modulation frequency of w

1,(t) = I exp(iwt). (23)

As a result, Joule heating is generated in the bridge, which
causes temperature variation in an angular frequency of 2w

I’R,
t =
q(t) "y

(14 ¥, (24)
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Following similar arguments to those presented for the
time-domain data analysis, the heat balance equation in the
bridge is

0T oT
keff@ + Q(t) = Ceff 5,

ot (25)

with the same boundary condition presented in (11). The ef-
fective specific heat cegr [Jm™ K~!] and thermal conductivity
ket [Wm™! K~1] of the suspended bridge are given by

kiwibi

keﬂ‘ = Zé:’wb (253.)
ciwibi

Ceff = Zéwb (25b)

where c¢; and k; represent the heat capacitance and the thermal
conductance of the bridge’s constituent layers.

The solution of (25) with the boundary condition presented
in(11)is

cosh(kz)

T(ot)— Ty = L0 (1 coshlz) ) e
’ 2wbl ko 12 cosh(xl/2)

2wi
2
RS = ————. (26)
keff / Ceff
For small temperature changes, the voltage difference across
the bridge is given by

V() = Ry [1 + Oer (m - To)} L @

where Re[T'(z, t)] is the spatial average of the real temperature
along the suspended bridge, the phase difference is

1 tanh(kl/2)
P(w) = — |1 - == 28
(o) =arg {5 [1- 20 e8)
and a voltage response in an angular frequency of 3w is
PBR3a tanh(kl/2)
Vs, = 0= (1- : 29
s ‘Zwblkefm? ( Kl/2 )‘ (29)

The equivalent thermal conductivity k.g and specific heat
ce are searched by using two-parameter least-square fitting
to obtain the best fit between calculated values of V3, (29),
and the corresponding experimental results. The frequency-
dependent phase is also applied in curve fitting of the equivalent
thermal conductivity to verify the 3w setup. Another verifica-
tion is the equivalent thermal conductivity kg by using the
steady-state measurement, which is different by nearly 2% from
the value obtained using the frequency-domain technique.

VII. RESULTS AND DISCUSSION

Experiments were performed in a continuous flow cryo-
stat (Janis ST-100) that is capable of reaching a vacuum
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were bonded to provide electrical access to the suspended Z ol
bridge. The LCC chip carrier was packaged in a socket >§ —
attached to the copper sample holder. Electrical connec- )
tions to the socket were made via feed-through channels 0.09 O Experimental Data
on the cryostat. A diode temperature sensor (certainty of —_— Fitting Curve
+50 mK) was attached to the sample die to monitor the sub- ) ¢, = 3.13x10° Jm K"
strate temperature. Measurements were carried out in two steps: 0.08 :
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bridges, and 2) differential 3w measurements to determine the Heating Frequency (Hz)
specific heat of the CoFe layer. During the TCR calibration (b)

process, a temperature controller was used to keep the base
temperature at 7j, and the temperature-dependent resistances
of the Cu and Cu/CoFe bridges were recorded, while applying
low currents to avoid Joule heating.

Fig. 6 shows schematically the electrical circuit setup used
in this study, where the measured parameter is the 3w voltage
component across the sample bridge as a function of frequency
w. The voltage across the sample bridge is measured with the A
input of the lock-in amplifier after it passes through a unit gain
differential amplifier. The voltage across the potentiometer is
measured using the B input of the lock-in amplifier also after
it passes through a unit gain amplifier. In addition, a 12-bit
digital-to-analog converter (D/A) is used to adjust the output
of A to B in order to cancel the large w component in the
circuit and thereby to measure the 3w component [17]. The
lock-in amplifier used in this particular setup had a minimum
measurable voltage of 2 nV and a minimum measurable phase
shift of 0.01°.

The experimental work included two steps: 1) TCR cali-
bration of the bridges, and 2) specific heat measurements of
the CoFe layer. Data logging was automated by means of a
C++ program to control the D/A, the temperature controller,
and the lock-in amplifier. Fig. 7 shows experimental results
for the reference bridge (Cu/SiO2) and the sample bridge
(Cu/SiOy/CoFe). As illustrated in Fig. 7, the reference bridge
consists of a 144-nm-thick Cu layer and a 100-nm-thick SiOq
layer, while the sample bridge includes an additional 144-nm
CoFe layer, under the SiO, layer. The two bridges have an

Fig. 7. Results of specific heat measurements of (a) Cu + SiO2 and (b) Cu +
SiO2 + CoFe.

identical length of 200 ym and width of 15 pm (Fig. 4). The
effective specific heat for the reference bridge and the sample
bridge were found to be 3.11 x 10% and 3.13 x 10% Jm—3 K1,
respectively. The specific heat of the SiO; layer is calculated
to be 2.2 x 10% Jm~3 K~! when using a bulk value of 3.43 x
10% Jm=3 K~! for the specific heat of the Cu layer and when
assuming that the specific heat does not vary significantly
between bulk specimens and thin films. Compared with the
literature value of 2.0 x 10% Jm=3 K~! [23], the results show
a very good agreement between the bulk specific heat and the
specific heat of a thin layer of SiO,. This level of agreement
validates the experimental setup and the technique of measure-
ment. The heat capacity per unit volume of the CoFe layer can
be estimated using

Ceff,s X Vs — Ceff,r X Ve
bCoFc x L x w

CCoFe = (30)

where V, and V; are the volumes of the reference and sample
structures, respectively, and bcore is the thickness of the CoFe
layer. In order to verify the measurement technique, a single
CoFe suspended structure with the same dimension as the
specimen in the sample bridge was fabricated and measured

separately. Equation (30) yields a specific heat value of 3.16 x
10% Jm=3 K~! compared to that of a 144-nm-thick single CoFe
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suspended structure with ~3.5 x 105 Jm™ K~! measured

independently in this paper. This is about 10% different from
the value obtained using differential measurements, which fur-
ther validates the current experimental structure and measure-
ment technique.

The uncertainty in the 3w measurement for a single bridge is
estimated to be around 5%, which is mainly affected by the
uncertainty of the TCR conversion, the width of the bridge,
and the thickness of the Cu and CoFe layers. The dashed lines
in Fig. 7(a) and (b) represent +=5% variation of the calculated
specific heat value. For the differential measurements, the total
uncertainty in the specific heat calculation of the CoFe layer is
estimated to be 7% (the square root of the sum of the square
uncertainties), assuming similar uncertainty for the reference
bridge and the sample bridge. The diameter of the data circles in
Fig. 7 reflects the sensitivity of the measurement. For example,
the diameter of the data circles shown in Fig. 7 represents a
Vs, output of 2 1V, which corresponds to the temperature rise
of 80 mK and to an energy change of 0.7 nJ (the product of
the minimum detectable elevated temperature, the volumetric
specific heat, and the volume of the bridge). The smaller
detectable temperature rise corresponds to higher sensitivity.
The minimum measurable voltage by the Model SR830 DSP
lock-in amplifier is 2 nV, which corresponds to the temperature
rise of less than 1 mK and to an energy change of about 1 pJ. It
is unlikely that such a high sensitivity can be achieved at room
temperature since various sources of noise and uncertainties are
likely to limit the detectable energy to nearly 50 plJ.

VIII. SUMMARY AND CONCLUSION

Although small-scale DSC setups have been available for
nearly a decade, the thermal analysis presented in the current
report suggests that thermal design of previously reported DSC
setups may have been over simplified. In those reports, the
thermal mass of the substrate was neglected, which leads to
an oversimplification of the thermal design and dramatically
affecting measurement accuracy and sensitivity. Furthermore,
it is speculated that the oversimplified thermal analysis, which
targets only heat loss to the substrate and the surroundings,
is one of the main sources for inconsistencies in previously
reported data.

In this paper, a more detailed thermal analysis of the pre-
viously presented small-scale calorimetric setup is presented.
This analysis demonstrates the motivation in developing an
improved calorimetric technique for small-scale DSC studies.
Next, a new setup for small-scale calorimetry is presented based
on a suspended bridge configuration. The new technique is
based on data analyses in both time and frequency domains.
Finally, a validation testing on SiOy and CoFe is presented.

It is demonstrated that the new setup of a suspended bridge
has three major advantages over the prior art: 1) superior
temperature uniformity in the bridge cross section; 2) lower
heat loss to the surrounding by at least two orders of magnitude;
and, 3) fast transient response with heating rate of up to 3 x
106 °C/s. It is shown that certainty in data analysis degrades
dramatically when neglecting heat losses to the surroundings,
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nonuniformities in temperature distribution, and the coupled
thermal effect of the bridge and the substrate.

Experimental validation of the new setup is presented by
measuring the specific heat of SiO5 and CoFe layers. The spe-
cific heat of the SiO; layer was found to be 2.2 x 10% Jm =3 K~}
in comparison with a literature value of 2.0 x 10% Jm=3 K1,
which yields a 10% difference. However, the literature value
is for bulk specimens, and it may be that the specific heat of
thin layers deviates somewhat from that of bulk specimens.
The specific heat of the CoFe layer was found to be 3.16 x
10% Jm=3 K~! using differential scanning methods compared
to the reported value of 3.5 x 105 Jm—3 K~! obtained using a
single-bridge CoFe structure of the same dimension.

The uncertainty in the 3w measurement technique for a
single bridge is at around 5%, which is mainly affected by the
uncertainty of the TCR conversion, the width of the bridge, and
the thickness of the Cu and CoFe layers. For the differential
measurement, the total uncertainty in the specific heat calcula-
tion of the CoFe layer is estimated at 7%, assuming the same
uncertainty for the reference bridge and the sample bridge. The
minimum detectable energy changes in the new DSC setup is
reported to be about 1 nJ, but it is likely that a certainty level on
the order of 50 pJ is achievable using the current structure and
instrumentations.
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