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The Design and Operation of a MEMS Differential
Scanning Nanocalorimeter for High-Speed Heat
Capacity Measurements of Ultrathin Films
Eric A. Olson, Mikhail Yu. Efremov, Ming Zhang, Zishu Zhang, and Leslie H. Allen

Abstract—A MEMS sensor has been developed for use as a
calorimetric cell in an ultra-sensitive, thin-film, differential scanning calorimetric technique. The sensor contains a freestanding,
thin (30 nm to 1000 nm), low-stress silicon nitride membrane with
lateral dimensions of a few millimeters. This membrane, along
with a thin (50 nm) metallization layer, forms a calorimetric cell
with an exceptionally small addenda. This small addenda creates
a very sensitive calorimetric cell, able to make heat capacity
measurements of nanometer-thick metal and polymer films. The
sensor fabrication and various design considerations are discussed
in detail. The calorimetric technique and examples of applications
are described.
[891]
Index Terms—Calorimetry, membranes, microelectromechanical systems, microsensors, nanoparticles, plastic films, thin films.

I. INTRODUCTION

H

EAT energy is a fundamental characteristic of every phase
transformation and chemical reaction. Calorimetry is the
primary technique for investigations of the energetics of material transformations, and has been used as such for over a
hundred years. The growing interest in investigating material
at nanometer-sized scales, however, requires refinements to the
technique and the development of new devices that are not currently commercially available.
The physical size of material can have a tremendous effect
on its thermodynamic properties. Heat capacity measurements
are useful in quantifying these changes in materials characteristics. Many properties of a thin film or a small particle can be
considerably different than that of the same material in bulk
form: electrical resistance increases [1]; indirect bandgap semiconductors emit visible light [2]; crystal structures even change
[3], [4]. This is because surface and interfacial effects, negligible in bulk material, become dominant at small scales where
the total fraction of atoms at the surface is significant.
For some time, it has been known that the melting temperature of small particles is lower than that of the bulk material [5],
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[6]. Recently, we have shown using a calorimetric technique that
the heat of fusion decreases in a similar fashion [7]. We have also
demonstrated the preference for certain “magic number” sizes in
supported, self-assembling, indium particles on an amorphous
surface [8], previously only seen in cluster beams [9], [10] and
on epitaxial layers [11].
A traditional differential scanning calorimeter (DSC) can not
be used to measure small samples on the order of nanograms.
For conventional DSC, the energy required to heat the calorimetric cell itself (the addenda) would be large compared to
either the energy required to heat the sample or the energy
involved in the transformation of the sample. So, the signal
of interest would be masked by the contribution from the
addenda. Thus, techniques that are more sensitive are required.
One of the obvious ways to increase the sensitivity is to make
the calorimetric cell as small as possible, thus minimizing the
effect from the addenda [7], [12]–[17].
The ever-developing field of microelectromechanical systems (MEMS) allows for the creation of new characterization
probes for the study of material behavior at small scales. By
integrating a membrane into the sensor and forming electrical
circuitry as a thin metallization layer directly on the membrane, we create an ultra-low-profile calorimetric cell with a
radically decreased addenda, and, consequently, with very high
sensitivity [7]–[8].
Scanning calorimetry, in which the sample is heated steadily
to an elevated temperature, is useful in that it can measure
not only the sample’s specific heat, but also the amount of
heat (i.e. enthalpy) involved in a chemical or physical process.
Although some size dependent effects can be observed with
electron diffraction [6] or in a transmission electron microscope [18], MEMS-based scanning calorimetry can provide
unique information about the energetics of the process. Other
MEMS calorimetric techniques such as the membrane-based ac
calorimetry used by Hellman [16], in which a small ac temperature variation is applied to the sample on the MEMS-fabricated
membrane, can measure specific heat capacity with high
precision, but are not typically used to determine an enthalpy
of reaction or phase transformation.
The purpose of this article is to describe the principles of
operation of our calorimetric technique, which we are using in
our investigations of materials at the small scale, with a focus
on the details of sensor fabrication. Also, material characteristics which can be measured (e.g. heat capacity of a sample as a
function of temperature, latent heat of a transformation, melting
temperature, glass transition temperature) along with selected
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(a)

(b)

Fig. 1. Schematic of the calorimetric sensor. Plan view is shown in (a) and
a cross section in (b). Metallization extends onto the Si frame in order that
electrical connections can be made.

applications on ultrathin metal films and particles [7], [19], liquids [20], spin-coated films and isolated polymer crystals [21],
[22] will be briefly discussed in order to demonstrate the utility
of this method.
II. MEMS-BASED THIN-FILM DSC:
PRINCIPLES OF OPERATION
The planar and cross-sectional configurations of a typical
sensor for MEMS DSC are shown in Fig. 1. The sensor consists
membrane
of a 50 nm thick amorphous silicon nitride
supported by a Si frame. The membrane window is 3 mm
7 mm. A patterned metal strip is deposited on one side of the
membrane. The strip is 50 nm thick and 0.5 mm wide. The strip
is used as both a resistive heater and a resistive thermometer
during the DSC measurement. In order to measure voltage
across the working part of heater placed on the membrane, two
voltage senses are formed on the membrane as a part of the
patterned metallization layer. On the Si frame, the metallization
pattern includes four contact pads, electrically connected with
the strip and the senses, which serve as terminals for electrical
measurements made on the membrane part of the sensor.
The region of the heater situated between the voltage senses
and the part of membrane beneath it form a calorimetric cell.
or metSamples can be loaded onto either side of the cell (
allization side), except for conductive materials, which are able
to change the electrical properties of the heater and therefore
side of the cell.
should be placed only on
The calorimetric scan is initiated by applying a short (milliseconds) dc electrical current (tens of milliamperes) through
the metal strip. The calorimetric cell heats by Joule heating,
while the part of the strip placed on the Si frame remains cold
due to the high heat capacity of the Si frame (in comparison
membrane). The current through the sensor
with the
across it (typically a few volts) are meaand the voltage
sured as functions of time . The resistance of the sensing area
and the elecof the heater is calculated as
trical power generated in the calorimetric cell by Joule heating
. The
function is used then to calcuas
of the sensing part of the metal strip.
late the temperature
To do this, the resistance of the sensor is calibrated against the
temperature in a three-zone tube vacuum furnace.
To obtain a sensor with a stable electrical response, a two-step
annealing procedure is performed before calibration. First, senPa at typically 450 C
sors are annealed in vacuum of
for 8 h. The temperature of annealing should be increased if

calorimetric data above 350 C to 400 C are desired. However, high annealing temperatures can lead to an increase in the
electrical resistance of sensors. Second, sensors are “burned-in”
under the same vacuum conditions using a dc electrical pulse to
heat the sensor to a temperature higher that needed for the experiment. Three to ten thousand pulses are used to burn in and
stabilize each sensor. Calibrated sensors with Au, Ni or Pt metallizations can be kept in air at least for several months without
noticeable degradation of their electrical characteristics. Immediately before a calorimetric experiment, the burning-in process
is repeated.
of a caloriUnder adiabatic conditions, the heat capacity
metric cell (bare or with a sample on it) can be calculated by
(1)
since all the heat will be consumed to increase the temperature
of the cell. To achieve nearly adiabatic conditions, the heating
rate for a sensor should be much faster than the cooling rate.
Pa, where convection is negligible,
In vacuum better than
the main mechanisms of heat loss are lateral thermal conduction through the membrane and metallization layer and infrared
emission. Typical cooling rates for temperatures of 100 C to
300 C are several K/ms, so heating rates of tens of K/ms and
higher are mandatory for adiabatic measurements.
To use the advantages of a differential measurement, two
identical sensors are used: a sample sensor, containing the material being measured, and a reference sensor, with no added
material. DC current pulses through the sensors are precisely
synchronized. Five electrical measurements are made simultaneously in this differential scheme: currents through sample
and , respectively, voltages across
and reference sensors
and
, respectively, and the
sample and reference sensors
, which reflects the difference
differential signal, the voltage
between sensors made by the presence of the sample on one of
them. The principle circuitry in the differential measurement is
shown in Fig. 2. The sampling rate for electrical measurements
is typically 100 kHz, which corresponds to a temperature resolution of 0.3 K for a heating rate of 30 K/ms.
III. MEMS SENSOR FABRICATION
Sensor fabrication is performed on the Cornell Nanofabrication Facility. The calorimetric sensor was designed to be a small
device easily produced in large numbers using standard MEMS
microfabrication techniques with operation design rule limit of
10 m or larger. If desired, it can be treated as a one-use, disposable item. Up to 39 sensors per 3-inch wafer are made at a time.
A schematic cross section of the wafer at several steps of the
fabrication process can be seen in Fig. 3. Fabrication sequence
is as follows:
1) Double-side polished, (100) oriented, silicon wafers
are coated on both sides with amorphous, low residual
using an LPCVD process.
stress silicon nitride
Double-side polished wafers are required for photolithography on both sides of the wafer. The thickness of
varies from about 30 to 1000 nm, depending on
the
gives greater mechanical
the application. Thicker
durability, but leads to larger heat losses. Optionally, a
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Fig. 2. Electrical schematic of the experimental apparatus. Two identical circuits are connected, and the differential voltage V measured for maximum
sensitivity. Both the reference and sample branches are composed of: a power supply V
, external resistance R
, and a calorimetric sensor. The voltage drop
across the sensor V is measured in each branch, as well as the current I (by an ammeter A). Only the resistance of the heater between the voltage connections is
measured. The small sections of the heater outside those connections are shown here as R .

thermally grown
layer between the wafer and
can be made. The utility of such a layer will be discussed
below.
2) On the back side of the wafer, a rectangular area of the
is patterned using optical lithography. Shipley 1813
general purpose broadband (365 nm to 436 nm) positive photoresist with MicroPrime P-20 primer are used
for coating. A 5 g-line (436 nm) stepper (GCA-6300)
is used for photolithography. After developing, the exlayer is etched away by reactive
posed part of the
. Since any damage to the
ion etching (RIE) using
unpatterned face of the wafer will create defects in the
finished sensors, that face is protected during handling
with a front-side coating of unexposed photoresist. Both
front and rear side coatings are removed with acetone and
2-propanol after the RIE step.
3) The wafer is etched in a 35 wt% KOH solution at 80 C
to remove Si exposed in the previous step. The etch rate
m min. KOH has a high sefor these conditions is
lectivity for silicon over silicon nitride. It also etches Si
anisotropically, with a (100):(111) etch ratio of 400:1
mem[23]. The resulting structure is a very thin
brane on the front side of wafer, supported by a Si frame.
Wafers must be oriented vertically in the etchant, as vigorous bubbling can rupture the membranes. The end of
the etching process is marked by the cessation of any bubbling action.
4) After washing in hot (65 C) and then cold (25 C)
water, the wafer is then isotropically etched in a solution
: 225 mL
: 3 mL HF for 5 min.
of 450 mL
This removes any microscopic residual Si pyramids with
(111) oriented faces. This etchant is not selective to Si,
at 0.5 to 1 nm/min. This etch step can
and etches
be prolonged to thin the nitride membrane. Typically, this
thickness by 5 nm. This factor
step reduces the
should be taken into account when selecting the initial
thickness. Since wafers have extremely fragile

Fig. 3. Schematic cross section of the sensor at several points during
fabrication. (a) LPCVD
is deposited on both sides of a wafer.
(b) Photoresist is added, patterned, and a section of the
dry-etched away.
(c) Exposed Si is etched in a KOH solution. (d) Second photoresist layer is
spun on, exposed, and developed. Before developing, the tone of the exposure
is reversed. (e) A 50 nm metal layer is deposited by thermal or electron beam
evaporation. (f) The finished sensor.

SiN

SiN

nitride windows in this and subsequent steps, great care
is required in the handling of wafers, especially during
washing and drying. (Only gentle flows of solvents and
dry air/nitrogen at small angles to the wafer surface
should be used.)
5) A patterned metal layer is deposited on the front side of
the wafer using the lift-off technique. Photoresist is applied on the front side of wafer using the same reagents as
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in step (2) and exposed by the same stepper. Membranes
usually survive the regular spin-coating process with special chucks, but no vacuum should be used. A noncontact
method of photolithography is mandatory at this step bemembranes.
cause direct contact would break the
An ammonia diffusion process in a YES LP-III vacuum
oven is used to reverse the tone of the patterned image
and to generate an undercut profile for successful lift-off.
After developing, the metal layer is deposited onto the
wafer using thermal or electron beam evaporation. The
thickness of this layer is typically 50 nm. Deposition of
a thin ( 3 nm) layer of Ti before the main metallization
is necessary to promote adhesion of the following layer.
Lift-off is performed using acetone as a solvent. To ensure
high quality sensors, care should be taken to completely
remove all photoresist residue.
6) Individual sensors are cleaved from the wafer manually.
Narrow lines etched into the wafer in step 3) help the
accuracy of the cleaving. To clean the surface and remove
any residue, sensors are washed before use in sequential
baths of acetone, 2-propanol, and deionized water.
IV. THE ELEMENTARY MODEL OF THE NANOCALORIMETER
To get a basic understanding of the working characteristics of
a calorimetric cell, the elementary model of the nanocalorimeter
is described below. For the differential scheme shown in Fig. 2,
, (1) can be rewritten for both
and using the expression
cells as
and

(2a)
(2b)

where indexes and denote sample and reference cell,
and
are the heat capacities for the bare cell and the sample,
respectively. Here, we assume that currents and heat capacities
do not depend on time (or temperature). Assuming that both
parts of the differential scheme (including sensors) are identical,
, that the left-hand sides of (2a) and (2b) are
that
approximately equal, and by combining these equations, we can
express the sample’s heat capacity as
(3)
Since the temperature is calculated from the resistance measurements, the final term in (3) can be found using the expressions
for resistances

the heater are , and
, respectively. Differentiating and
combining (4a) and (4b), we get
(5)
and currents are approxiNoticing that
mately equal, we can rewrite (5) as
(6)
Expressing from (2a) and using
imate resistance, we get

from (4a) to approx-

(7)
Substituting
get:

from (7) into (6) and using the result in (3), we

(8)
denotes the heating rate of both cells (since
where
they are similar). Finally, using specific heat capacities
(where is density and is thickness), and
explicitly, we obtain
expressing the signal of interest

(9)
and
denote the properties of silicon
where indexes
nitride and the metallization, respectively.
Sensitivity of the nanocalorimeter can be expressed in terms
signal there
of the signal-to-noise ratio (SNR). For the
are two major types of random noise: instrumentation noise
(noise of the measurement equipment) and thermal (Johnson)
of resistors. Instrumentation noise does not depend on
noise
the characteristics of the sensors. If this type of noise is prevalent, the SNR has the same functional form (from (9)), as the
signal does

(10)
, where
Thermal noise
is resistance of the voltage probe, and
consists
of contact resistances and resistance of connecting wires.
Typically, we can take into account only the resistances of the
from (4a) to approximate
and
,
heaters. Using
we find
(11)

and

(4a)
(4b)

where is the electrical resistivity of the metal layer at temperis the temperature coefficient of resistance. The
ature and
distance between voltage probes and the width and thickness of

and SNR in the case of

dominant has the form:
(12)

Equations (10) and (12) will be used below in discussion of
sensor design.
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V. SENSOR DESIGN CONSIDERATIONS
A. Membrane Thickness
membrane contributes a significant part of the
The
addenda. Nevertheless, due to the relatively weak dependence
of SNR on the membrane thickness (see (10) and (12)), using
membranes up to even 1 m thick does not critically disrupt
the sensitivity of the method and can be useful, as in the case
of massive samples.
film will be the source of mechanical support for
The
the heater strip once the fabrication of the sensor is complete.
The thicker this layer is, the more durable the finished sensor
will be. Some samples, for example, several hundred nanometers thick, spin-cast, glassy polymer films of polystyrene can
cause stress high enough to destroy a typical sensor with a memthickness
brane 40 nm thick. In this case, increasing the
tenfold eliminates the problem.
If transmission electron microscopy (TEM) will be performed on a sensor, a thin membrane is essential for obtaining
layers cause a great deal
high-resolution images. Thick
layers can cause
of background “noise” in the TEM. Thin
image shifting problems. A 30 nm thick membrane gives a good
trade-off between mechanical strength and TEM performance.
coverage appears to be inBelow 15 nm thick, the
complete and there is insufficient protection against the KOH
solution used in step (3) of sensor fabrication, above. When very
films were used, the entire wafer was etched, rather
thin
than regular and well-defined areas.
There is a special issue concerning the electrically insulating
layer at elevated temperatures. During
properties of the
the calibration procedure, where the resistance of a sensor is
measured under different temperatures in a massive thermostat
placed in a vacuum furnace, the sensor frame under the contact
layer) becomes conductive and
pads (silicon covered by a
shunts the heater. In some cases, this shunting can be detectable
even at temperatures near 200 C. It should be noted that this
effect is observed only during the calibration and not during the
calorimetric measurements because, during the DSC scan, the
Si frame remains cold and provides no significant conductivity.
It should also be noted also that no noticeable shunting of
the heater by a conductive sample on the membrane was obC, which means the
served during DSC scans up to
membrane itself is not conductive at these temperatures. In addition, the shunting is not observed when the substrate beneath the
layer is completely nonconductive (i.e., if an
wafer
is used instead of Si to make model sensors without membrane).
This means shunting is not caused by surface effects or lateral
layer.
conductivity of the supported
Despite the unknown cause of the shunting effect, it is
possible to significantly reduce the effect by increasing the
thickness of insulation layer between metallization and Si
substrate. This can be done simply by increasing the thickness
layer. For example, a 400 nm thick
layer
of the
beneath a Pt metallization effectively eliminates shunting
up to 360 C. This method, however, requires a substantial
increase of the membrane thickness, because methods that offer
etching only the on membrane part (such as
selective

Fig. 4. Effect of Si frame resistance on calibration. Two Ni sensors are shown
in (a), one Ni on SiN on a Si frame (solid line), the other Ni on SiN on a
quartz wafer (dashed line). Ni undergoes a magnetic transition at 358 C [35],
and the R(T ) curve changes slope. The drastic downturn in the Ni-on-Si case
is due to decreasing contact resistance between the contact pin and the Si wafer.
Part (b) shows the effect of adding a 100 nm SiO layer between the Si and
the SiN film. Both worst-case and typical curves for sensors without the SiO
layer are shown. The metallization used in (b) is Pt.

isotropic etching and RIE) do not provide fine enough control
of etch depth at typical membrane thicknesses.
Another method uses the formation of an additional insu, between the
lating layer, chemically different from
layer and the Si substrate. Such an additional layer can be removed selectively from the membrane part of the sensor. Prelayer between the
liminary tests using a thermally grown
are encouraging. The example shown in Fig. 4 inSi and
layer. By the end of fabricacorporates a 100 nm thick
layer exists only in the frame, as it is etched in
tion, the
the KOH etch step. If the oxide layer is too thin, the effectiveness of isolation is reduced. If the oxide layer is too thick, the
membrane becomes stressed. When fabricated
resulting
with 200 nm and 400 nm oxide layers, membranes buckled and
were no longer flat, which caused problems in the metallization
lithography step.
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TABLE I
THE MATERIALS THAT MAKE UP THE CALORIMETER AND THEIR BULK PHYSICAL AND ELECTRICAL PROPERTIES AT 298 K

B. Metal Heater: Material Selection
The metals we have used for the heater strip include Ag,
Al, Au, Co, Ni, Pd, and Pt. This is not an exhaustive list,
however, and other materials may be suitable depending on the
application.
From the point of view of sensitivity, a good material for metallization should have a high temperature coefficient of resisand low specific resistance [see (10) and (12)]. The
tance
for several heater materials, as well as other propbulk and
erties, are listed in Table I.
for our sensors tends to be 50% of the
The effective
bulk. This lower than ideal response could be due to thin-film
effects [24], the polycrystalline nature of the film, and/or the
effect from the metal alloying with the Ti adhesion layer.
Decreasing of alone is not an effective way to improve the
device characteristics. It leads to instrumental noise being dominant in the differential signal, where the SNR is not very sensitive to [see (10)]. Additionally, maintaining the same heating
rates for highly conductive heaters requires [according to (7)]
an increase in the magnitude of the current pulse through the
sensor, which causes unfavorable transient processes at the front
and the end of the pulse to become more pronounced. However,
decreasing the heater resistance strongly reduces the shunting
effect during the sensor calibration procedure, described above.
This effect is obvious, since shunting is proportional to the ratio
of the shunt and shunted resistances.
For optimal results, the electrical resistivity and heat capacity
of the material used for the heater strip should have a linear
thermal response in the temperature range of interest. Any nonand
dependencies of the heater
linearities in the
will be strongly amplified in the differential signal.
It should be noted that most sensors have small feature in their
response between 250 C and 300 C, which causes noticeable artifacts within the differential signal at this temperature range. This spurious signal varies with the metal used for
the heater and is practically negligible for Au. The stability of
electrical properties of the heater during multiple DSC scans
should be high enough to maintain accurate and reproducible
results. For instance, Pt is the preferred material over Au and Ni
if stability is critical for given applications.
,
Ferromagnetic materials such as Ni and Co have a high
and so have a sensitivity advantage. There are some drawbacks,
dependence tends to be less
however. The shape of the

linear than for a nonferromagnetic metal such as Au or Pt. Both
the
and
curves deviate strongly from linear at the
Curie point for a ferromagnetic material. Such metals also make
electron microscopy more difficult, as the magnetic nature of
the material interferes with the electron beam, making imaging
small features extremely difficult. Light metals, like Al, are particularly good for TEM studies, as it is possible to image samples directly through the heater.
Should Rutherford backscattering spectrometry (RBS) be desired, it is important to select a heater material that will not interfere with the RBS signal from the sample being investigated.
This requires that the atomic number of the material of the heater
should be significantly different from those of the sample’s constituent elements.
Some applications require reduced chemical activity of the
metallization layer. For example, to prevent the growth of selfassembled monolayers of alkanethiols directly on the heater, Al
is preferred over Ag, Au, Pd, or Pt. [25].
As mentioned above, the Ti adhesion layer can cause problems in very sensitive measurements. Experiments with the
other frequently used material for an adhesive layer, Cr, show
no obvious improvement. Some active metals, like Al, can stick
without any adhesive underlayer. Preliminary tests of
to
sensors with pure Al metallization show promising results in
terms of stability and the reduction of spurious signals.
C. Metal Heater: Thickness
membrane, the heater contributes to the sigLike the
nificant part of the addenda, and sensitivity can be enhanced
[see (10) and (12)].
by reducing of the heater thickness
This would also improve TEM micrographs of sample on the
heater part of sensor. However, making the heater thinner leads
to domination of thermal noise in the signal, where SNR is not
[see (12)]. Additionally, reducing
very sensitive to
has the detrimental thin-film effects of 1) decreasing , 2) increasing the likelihood that the metal strip itself is a discontinuous film, and 3) magnifying electromigration effects [26]. Inwill lead to a decrease in the severity of shunting
creasing
effect during calibration and, at the same time, to an increase in
the transient processes during measurement, as was described
in the previous section for a decrease in . Thicker metal film
makes ellipsometric measurements of sample thickness on the
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Fig. 6. Heat capacity curve of 3 nm In on a calorimetric sensor. Parameters of
particular interest are the heat capacity of the solid phase C , the latent heat
of fusion H , and the melting temperature T . Because of the small size of the
particles, the melting temperature is smaller than the bulk melting temperature
of In, 157 C. The depression in melting point due to this size effect is also
shown, as T .

1

1

Fig. 5. Various microanalysis techniques used on calorimetric sensors. The
micrograph in (a) is a plan view TEM image of 3 nm thick In. The
layer
in this image is approximately 30 nm thick. Part (b) shows an AFM image of
a single polyethylene crystal. This crystal is 10 nm thick. Part (c) shows an
RBS spectrum of 0.4 nm Bi on a sensor with an Ag heater and Cr adhesion layer.
Peaks from the Si and N in the
membrane and C from the graphite mask
can also be seen.

SiN

SiN



heater more reliable due to a decrease in the amount of light
transmitted through the metal layer.
A 50 nm thick metallization is found to be a good trade-off
between these factors.
D. Planar Dimensions
Changing the planar dimensions of the calorimetric cell ( and
) does not change the addenda, if the total area is held constant.
However, as can be seen from (10) and (12), SNR does depend
on and . SNR is proportional to , when the heater resistance
is low enough to make thermal noise negligible [see (10)]. For
high , this dependence is weaker (12). Heater width does

not affect the SNR (10) until it becomes low enough to make
ratio, or heater
the thermal noise dominant. Decreasing the
resistance, will have the advantage of a smaller shunting effect
and the disadvantage of larger transients, as it was described for
and decreasing of .
increasing of
Since increasing the length of heater is an effective way to enhance performance, it is useful to estimate how long the heater
can be fabricated. If the heater has a shape of a straight strip,
the heater length is determined by the membrane size, which is
. The largest memlimited primarily by the strength of the
mm
mm
branes that we have reliably fabricated were
mm
mm (and
(and 80 nm thick), but our typical size is
50 nm thick). Serpentine-shaped heaters can lead to strong lateral nonuniformities in the temperature field in the sensing area
of the device. In this case, thick pads of heat conductive material are used to eliminate temperature gradients [16], which
substantially increases the addenda and complicates the sensor
fabrication.
The maximum sensor size is different from the maximum
membrane size. Enlarging the Si frame (and keeping the size of
the membrane constant) has the advantage of strengthening the
sensor, makes handling more convenient, allows more space for
contact pads, increases the heat sink and improves the thermal
contact with the sensor support. Increased cost and fewer sensors per wafer are disadvantages.
In the fabrication process, the dimensions of the sensor are
limited by the maximum die size of the stepper used for photolithography. The 5 magnification, combined with the maximum photomask size, limits the total size of the sensor to about
15 mm 15 mm.
Heat loss from the calorimetric cell is also important in design considerations of the heater geometry. During the scan,
the Si frame acts as a large heat sink, because it has a much
larger heat capacity than the membrane part of the sensor. The
heat supplied to the sensor is also quite small, on the order of
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TABLE II
BULK PROPERTIES OF SOME SAMPLE MATERIALS AT 298 K

Fig. 7. Heat capacity data from a polystyrene film 7 nm thick. The glassy,
liquid, and glass transition regions are all shown, as well as the bulk glass
. The glass transition shown here is above T
transition temperature T
due to the high rate of cooling inherent to the nanocalorimetric technique.

several hundreds of microjoules. These two factors combine to
ensure that the temperature of the heater where it overlaps the
frame will be very close to the ambient even though the center
of the heater may be hundreds of kelvins above ambient. Since
this device is designed to be an adiabatic-type calorimeter, the
heat loss can seriously effect performance. For this reason, the
voltage sensing probes are located 1 mm away from the edge
of the membrane, where the temperature is approximately uniform. Thus, we only sense the “hot” segment of the heater. There
is a drawback in moving the sensing probes too close to each
other, however, as it reduces .
The width of the heater is also important. For a wider heater,
a smaller fraction of the total heat will be lost via conduction
membrane. If the width is too small, it is difthrough the
ficult to make and position the shadow mask used to locally deposit the sample during vapor deposition. Our current sensor
design uses a heater 0.5 mm in width.
VI. APPLICATIONS
A. Sample Deposition
The material to be measured is deposited on the sensor using
various methods. Materials suitable for vacuum deposition (e.g.
Al, Au, Bi, In, Si, Sn) are thermally evaporated onto the mem-

Fig. 8. Heat capacity data from a series of six Bi films of varying thickness.
The heat capacity at one point, 50 C, was measured, and is shown versus the
deposited thickness as measured by a quartz thin film monitor. The solid line
was calculated using the Bi bulk specific heat at 50 C of 0.13 J 1 g 1 K ,
and the surface area of the shadow mask of 2.5 mm .

brane through a metal shadow mask. All these examples are conductive (at least at the high limit of the working temperature, as
side of the caloriin Si) and must be deposited onto the
metric cell. The mask is used to limit the area of deposition to the
same, or a slightly smaller, area as the heater. In the case of Bi
deposition, material can deposit lightly on the metallization side
of the sensor (which faces away from the evaporation source)
and degrades the performance of the device. Good shielding of
the metal sides of both sample and reference cells is necessary
to eliminate this effect. Deposition and in situ calorimetric meaPa.
surements are done in vacuum of
Non-conductive material can be deposited on either side
) of the cell depending on the complexity of the
(metal or
tooling involved, and interaction between material and metal. Glassy polymer films such as polystyrene,
lization or
poly(2-vinyl pyridine) and poly (methyl methacrylate) are
spin-cast from solution onto the metallization side of the cell
[22]. The last condition is important, because these polymers
surface. It should be noted, that typical
do not wet the
sensors are rigid enough to survive in spinning procedure, but
vacuum chucks should not be used. Polymer crystals such as
polyethylene are first grown in a solvent, then the suspension
sprayed onto the sensor with an artist’s airbrush. Self-assembled monolayers of alkanethiols are grown from alcohol
side of the cell.
solutions on Au layers deposited on the

OLSON et al.: MEMS DIFFERENTIAL SCANNING NANOCALORIMETER FOR HIGH-SPEED HEAT CAPACITY MEASUREMENTS

Even in a vacuum of
Pa, if the sensor is allowed to sit
for a long period of time (e.g., 1 min), residual gas can adhere
to the surface. During the first few heating pulses, this gas will
desorb, and the energy involved in the desorption process will
interfere with the signal of interest. We estimate one monolayer
of adsorbed gas could draw away as much as 500 nJ as it desorbs
from the surface.
B. Sample Microanalysis
Various microanalysis techniques can be combined with our
calorimetric measurements. Some examples are shown in Fig. 5.
Contact mode atomic force microscopy has been used to measure the roughness and dimensions of polymer crystals directly
on the working part of the heater without rupturing the membrane [21]. Focused ellipsometry [22] has been used to measure the thickness of spin-cast polymer films on a Pt heater. We
have also performed RBS [27] on sensors both before and after
calorimetry to determine the amount of deposited sample. In this
case, a graphite mask is used to limit the area being measured
to the membrane area of the calorimetric sensor, and not the Si
frame. We use the peak from the heater (a known area and thickness) to calibrate the sample peak.
The ability to produce good TEM images directly on the cell
strongly depends on the sensor design, as it was discussed in
Section V. If the sensor is not optimized for TEM, images can
very close to the heater
still be made on the sample on the
edge. In case of vacuum deposition, the shadow mask has a
m
m notch cut into it, so a small amount of material
can be deposited on the membrane next to the heater strip.
C. Results of Selected Calorimetric Measurements
Fig. 6 shows a heat capacity curve from an In film with an
average thickness of 3 nm, made by deposition from vapor phase
surface of calorimetric cell. A number of
onto the cold
interesting parameters can be extracted from this curve, among
; the latent heat
them: the heat capacity of the solid phase
; and the melting temperature
. Bulk properties
of fusion
for some materials under study are listed in Table II.
The mass of the deposited material can be calculated from
, using the specific heat capacity
for bulk material. This
is not susceptible to size and
method is accurate as long as
interface effects.
In traditional DSC measurements of bulk metal, the caloric
curve would show a very sharp spike at bulk melting tempera. Fig. 5(a) shows a TEM micrograph of a sample film,
ture
a 3 nm In deposited onto a calorimeter. As can be seen in the
image, very thin films such as this one consist of isolated partiand
for the particles
cles. Size effects have lowered the
[7]. The width of the peak in Fig. 6 is due to the distribution of
In particle sizes.
In addition to the size effects, the high scanning rates intrinsic to adiabatic nanocalorimetry can also affect the calorimetric behavior of material. The glass transition in a 7 nm thick
polystyrene film (with molecular weight characteristics
,
) is demonstrated in Fig. 7. Due to
a cooling rate of 3 K/ms, the glass transition region is well
above of the bulk value of 99 C. The bulk value was measured

363

for this sample using a heating rate of 3 K/min, common for
conventional DSC devices.
A detailed treatment of the sensitivity and accuracy specifications of the nanocalorimeter is well beyond the scope of this
paper. For this work, however, we demonstrate the efficiency of
the system by a few examples.
One practical approach in evaluating performance is by measuring the response of the nanocalorimeter to the addition of
known amounts of material. Fig. 8 shows the heat capacity measured at 50 C for six Bi films with different thicknesses. The
thickness shown was measured by a crystal monitor, used as a
instandard reference. Over the given range, the measured
creases linearly with film thickness and agrees well with values,
calculated from crystal monitor data and bulk , to within 20%.
To characterize performance on an even more sensitive scale,
we measured the incremental change in the heat capacity
during slow ( 0.1 nm/min) continuous deposition of indium.
monotonically increases with In thickness, with a resThe
nm in terms of thickness and 30 pJ/K in
olution of
terms of heat capacity [28].
In summary, we have discussed the fabrication and operation of a MEMS, thin-film, differential scanning calorimeter and
have evaluated the performance of system under typical operating conditions.
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