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ABSTRACT

Polymeric nanolayers are introduced here as active, thermal-stress mediating structures facilitating extremely sensitive thermal detection
based upon the thermomechanical response of a bimaterial polymer −silicon microcantilever. To maximize the bimaterial bending effect, the
microcantilever bimorph is composed of stiff polysilicon, with a strongly adhered polymer deposited via plasma-enhanced chemical vapor
deposition. The polymer layers with thickness ranging from 20 to 200 nm possess a rapid and pronounced response to temperature fluctuations
due to intrinsic sensitive thermal behavior. We show that by taking advantage of the thermal stresses generated by the huge mismatch of
material properties in the polymer −silicon bimorph, unprecedented thermal sensitivities can be achieved. In fact, the temperature resolution
of our bimaterial microcantilevers approaches 0.2 mK with thermal sensitivity reaching 2 nm/mK; both parameters are more than an order of
magnitude better than the current metal −ceramic design. This new hybrid platform overcomes the inherently limited sensitivity of current
sensor designs and provides the basis to develop the ultimate uncooled IR microsensor with unsurpassable sensitivity.

Enhancing the sensitivity, affordability, and further minia-
turization of infrared (IR) detectors1 is critical for both
military and civilian advanced sensor applications ranging
from reconnaissance and targeting to medical imaging and
weather forecasting.2 The most effective IR detectors today
offer temperature resolution, calculated as the smallest
measurable temperature difference, of around 10 mK.3,4

However, these are primarily photon-detection type sensors
that require cryogenic cooling, which drives up the size and
cost of the device substantially.5,6 Thus, rather than relying
on a photonic mechanism, the other classification of IR
detectors, based on thermal detection, promises to replace
photonic devices if similar sensitivity can be achieved.2,7 To
avoid the drawbacks of photon-detection sensors while
increasing sensitivity, a new design platform for uncooled
thermal detection based on bimorph microcantilever struc-
tures has been recently suggested.8-10 On the other hand,
active polymer layers are studied intensively as prospective
actuators for many applications.11

Microcantilever-based microsensors with organic-
polymer layers are readily exploited for chemical and
biological analyte detection12-15 because of their microscopic

dimensions, high sensitivity, facile array implementation, and
low cost of batch manufacturing.16 Moreover, their deflection
can be monitored by simple optical means with 0.1 Å
resolution. A higher impact application, however, is that
biomaterial microcantilevers are now the centerpiece in the
development of uncooled IR sensors in which several
thousands of these miniaturized sensors are packed into
MEMS arrays to rival the sensitivity of cooled IR sensors.2

In the past few years, bimaterial microcantilevers have
been fabricated to serve as uncooled IR sensors.10 The
bimaterial effect works on the following fundamental
principal. The interfacial thermal stresses developed within
these structures allows for the thermally induced actuation
caused by reversible bending deformation of a microcanti-
lever due to a vast mismatch in film properties and thermal
expansion coefficients (R) of the materials. The thermal
sensitivity of such bimorphs,S, defined as a beam deflection
(δ) per a temperature difference depends on geometrical
parameters and, most importantly, difference in thermal
expansion coefficients of the two materials3,17

whereL, n, andd are parameters related to beam geometry
and K is a structure factor accounting for mechanical
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properties. Ideal bimaterial properties include the follow-
ing: large mismatch ofR and the thermal conductivity (λ)
between the two materials, one of the materials should have
extremely lowλ, the active coating should be applied in a
nondestructive deposition, and the absorbing layer may be
tuned for a specific IR window.

Barnes and Gimzewski were first to report microfabricated
cantilevers coated with a metal to induce effective thermal
bending.17 Majumdar et al. applied bimaterial cantilevers of
silicon nitride and gold into a complicated comblike MEMS
structure, which resulted in resolution of 3-5 K.3 Datskos
et al. developed a microcantilever bimorph with silicon as a
substrate and a 150 nm gold layer coating as the high (R)
component that exhibited temperature resolution (minimum
detectable temperature difference) of 0.4 K.18 Recent bi-
material microcantilevers with temperature resolution ap-
proaching 5 mK represent the best examples of uncooled
IR detectors based on bimaterial microcantilevers.19 In that
design, SiC was the lowR component, again being combined
with gold as the layer with high thermal expansion.

Still, these sensitivities remain below modern demands due
to the inherent limitation in the level of thermally induced
stresses for ceramic-metal structures (which is the contem-
porary design), thus greatly impeding the expansion of
uncooled IR sensing technology. This dilemma cannot be
resolved within the current selection of materials, and thus
a new materials design platform must be implemented into
thermal sensor technology. Here, we suggest replacing
current ceramic-metal bimorphs with organic-inorganic
hybrids to create a bimaterial design with tremendously
increased interfacial thermal stresses. These hybrid bi-
morphs will facilitate microthermal sensors based on a
thermomechanical signal transduction with unprecedented
sensitivity due to efficient actuation of polymeric layers
with nanoscale thickness. The design described here is
inspired by an existing efficient and ultrasensitive thermo-
mechanical transduction found in nature. Indeed, the best
example of an IR “eye” comes to us from the jewel beetle
(Melanophila acuminata), which can sense heat from a forest
fire 80 km away.20 The beetle accomplishes this through
microscale thermal sensors comprised of alternating hard/
compliant nanolayers exploiting a thermomechanical mech-
anism.21,22

Considering that the difference in thermal expansion
coefficients for current metal-ceramic bimaterial designs is
inherently limited (∆R < 20 × 10-6 K-1),18 the novel
polymer-ceramic bimaterial suggested here dramatically
enhances thermally induced bending due to a much more
efficient actuation of readily expandable polymer nanolayers.
We demonstrate that the strongly attached polymer on
polysilicon, with∆R g 200× 10-6 K-1, combined with low
thermal conductivity allows for the ultimate actuation of
bimaterial microcantilevers tremendously exceeding current
values. Moreover, the fabrication of these bimorphs via
room-temperature plasma-enhanced chemical vapor deposi-
tion (PECVD)23,24 is fully compatible with silicon MEMS
fabrication technology, thus, facilitating batch manufactur-
ing.25 The PECVD process is very advantageous here

considering the necessity to combine the deposition process
with microfabrication manufacturing.

To form model organic-inorganic hybrid bimorphs,
silicon microcantilevers commonly utilized as probes for an
atomic force microscope (AFM) (300µm in length, spring
constant is 0.06 N/m) were coated with plasma-polymerized
polystyrene (PS) via PECVD (see methods) (Figure 1a,b).26

The PECVD deposition process selectively coatsonly one
side of the microcantilever with controllable thicknesses of
the highly cross-linked PS layers in the range of 20-200
nm as confirmed with SEM and ellipsometry (Figure 1a,b).
Several other monomers such as acrylonitrile and penta-
fluorostyrene showed comparable results as well and will
be discussed in a forthcoming publication. AFM imaging
revealed a smooth surface morphology of the polymer surface
with a fine, granular nanodomain texture in which root mean
square (rms) roughness did not exceed 3 nm indicating
uniform surface morphology (Figure 1c,d). The PECVD
polymer deposited is a reasonably stiff, highly cross-linked
material with the elastic modulus close to 2 GPa as measured
by AFM force measurements27 (full elasticity results will
be shown in a forthcoming publication) and cannot be
dissolved or swollen in organic solvents.24

Upon heating, the polymer-polysilicon beam bends
downward reaching a planar state at 40°C as demonstrated
in a side-view optical image in Figure 2. Real-time video of
microcantilever deflections in the course of thermal cycling
presented in the Supporting Information demonstrates a high
level of reversible bending across a wide temperature range
with 50µm reversible deflection occurring. An initial prebent
state is introduced in the course of polymer deposition due
to chemical reaction inducing the usual compressive residual
stresses of PECVD polymers on one side (bottom in Figure
2) of the microcantilever which creates additional tensile
stresses. Such a phenomenon leads to a prebent and

Figure 1. (a) SEM image of the polymer-silicon bimaterial
microcantilever. (b) Higher resolution SEM image of the micro-
cantilevers showing the 200 nm PS layer (bottom layer). (c, d) AFM
tapping mode images of surface morphology of polymer layer at
different magnifications.Z scale is 10 nm.
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prestressed bimorph beam with initial parameters controlled
by deposition conditions.3,28

To quantify the phenomenon observed, we conducted
precise measurements of the microcantilever deflections (with
accuracy(0.05 nm) within a narrow temperature interval
and small temperature increments of 50 mK (Figure 3). We
compared these data to the reference ceramic-metal micro-
cantilever, which in this case is polysilicon with a 60 nm
gold layer (Figure 3). As obvious from this plot, the
thermomechanical bending of the polymer-ceramic micro-
cantilever ismany timeshigher than the deflection of the
reference ceramic-metal microcantilever. The thermal sen-
sitivity reaches 1 nm/mK which is much higher than that
for a corresponding gold-polysilicon microcantilever (0.056
nm/mK). The thermal sensitivity achieved here for the
polymer-polysilicon bimorph is well beyond the value of

0.12 nm/mK achieved for the best uncooled IR detector
employing microcantilevers.19 Moreover, the direction of
thermally initiated deflection isoppositeto that detected for
the gold-polysilicon reference microcantilever, which points
out the complex nature of bending of polymer-silicon
composite beams as will be discussed below.

In fact, the presence of the polymer layers generates a
bending stresses (σs) given by a modified Stoney’s equa-
tion29,30

whereE is the elastic modulus,ts is the substrate thickness,
R is the radius of curvature,υ is Poisson’s ratio, andtf is
the polymer layer thickness. This equation is valid for
bicomposite beams and describes interfacial stresses in bent
beams. On the other hand, the PECVD-deposited polymer
layer creates intrinsic stress associated with grafting, chemical
reaction, and growth of polymer layer,σi, which is compres-
sive.31 At room temperature, the microcantilever is in a stable
prebent state with balanced stresses

whereσT is the thermal stress (generating additional com-
pression on polymer layer) caused by mismatch of the
thermal expansion coefficients of polymer and silicon layers.
Considering thatσT ) 0 at room temperature (PECVD was
conducted at room temperature), we can conclude thatσs )
σI, and thus use eq 2 for the estimation of the intrinsic
compressive stresses. This estimation givesσi ) 85 MPa,
which is a very high value indicating high compression of
the polymer layer at room temperature caused by preparation
conditions. The high cross-link density of the PECVD
polymer layer and their chemical grafting at the interface
should provide for enhanced mechanical and thermal stability
of these layers even under such high stress.23,32 Calculation
of the differential surface stresses (σd) under given conditions
according to the simplified Stoney’s equation29,33 gives a
value of 10 N/m, which is higher than stresses usually
generated by grafting of monomolecular organic layers
(usually within 0.3-5 N/m) and resulting from molecular
adsorption (<0.2 N/m).34 Finite element analysis (FEA) of
the prebent state of the microcantilevers confirmed this
estimation and givesσd ) 12 N/m. Moreover, it shows that
compressive stress within the polymer layer reaches 56 MPa
and is balanced by the tensile stress exactly at the polymer-
silicon interface of 55 MPa combined with 30 MPa compres-
sion stress at the bare silicon surface.

Restoring the planar shape of the microcantilevers at
elevated temperature (40°C for the microcantilever in Figure
2) indicates balanced stresses (eq 3) withσs ) 0 (no bending
in this state) but nonzero thermal stressesσT. This result leads
us to the conclusion that the intrinsic stress at the elevated
temperature should compensate for both initial intrinsic stress
and thermally induced stress. Considering that both stresses

Figure 2. Schematic of the bimaterial cantilever bending upon
incident heat (a). Actual optical image (b, side view) of the
polymer-silicon microcantilever bending as temperature increases
from 20 to 40°C (see Supporting Information for real time video
of thermal bending cycles).

Figure 3. The thermal deflection of microcantilevers within a
narrow temperature interval: comparison of polymer-silicon,
metal-silicon, and bare silicon microcantilevers. Dash line shows
linear fit used to calculate the thermal sensitivity.
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are compressive in nature and act in the same direction, we
must conclude that the intrinsic stress within the polymer
layer actually reVerses signat elevated temperature and
becomes tensile, a very intriguing phenomenon. Although a
full understanding of this complex thermomechanical be-
havior requires further detailed studies, it is worth noting
that, indeed, a similar phenomenon of changing from
compression to tensile stress was observed for PECVD layers
and was associated with the changing radical density within
the layer leading to material contraction at elevated temper-
atures.31 However, in our case, the phenomenon observed is
completely reversible as will be demonstrated below.

In fact, to test the reversibility and limits of the polymer-
ceramic microcantilever performance, multiple thermal cy-
cling tests were done over a large temperature range with
the microcantilevers subjected to heat-cool cycles (Figure
4). The reproducibility of thermal bending under these
conditions was quite convincing as the overall fluctuation
between the first and last (100th) cycle was less than 5%.
The overall thermal sensitivity (slope of the plot in Figure
4) remains constant within 1%. This stability is excellent
considering that the total microcantilever deflections reached
nearly 50µm, corresponding to a 1.1% strain that is quite
high for silicon. Remarkably, over this temperature range,
the thermal sensitivity was found to be 1.86 nm/mK. This
sensitivity value ismore than 30 times higherthan that for
the reference gold-silicon microcantilever. Moreover, the
temperature resolution or minimum detectable temperature
difference of these microcantilevers is 0.2 mK, which is an
order of magnitude better than that of the best uncooled IR
sensors.2 The sensitivity is limited by thermal vibrations,
which have amplitudes of 0.4( 0.1 nm as measured by
thermal tuning in air.35

In conclusion, the approach described here clearly opens
the way for the microfabrication of highly sensitive micro-
scale thermal arrays for miniature thermal imagers with
record thermal sensitivity of about 2 nm/mK and the lowest
limit of temperature detection of about 0.2 mK. This new
hybrid polymer-silicon platform suggested here overcomes
the inherently limited sensitivity of current sensor designs

and provides the basis to develop the ultimate uncooled
thermal sensor with tremendously enhanced sensitivity. In
addition, the plasma-deposited organic precursors suggested
here expose the delicate microcantilevers to minimal stresses,
while easily and rapidly creating nanoscale polymer coatings
utilizing a “dry” process compatible with batch microfabri-
cation manufacturing. Due to the wide variety of monomers
that can be plasma deposited, our approach allows for further
chemical modification to make multifunctional chemical-
thermal microsensor arrays with tunable spectral response.

Methods. Materials. The microcantilevers were rectan-
gular (MicroMasch USA, Portland, OR) AFM tips with the
following dimensions:L ) 200-350µm; W ) 20-35 µm;
T ) 0.7-1.3 µm as verified by SEM (JEOL JSM-606LV).
The tips were uncoated (bare) silicon, while the “reference”
tip was silicon with a roughly 60 nm Au layer coated by the
manufacturer. Spring constants varied from 0.01 to 0.2 N/m,
as measured by the thermal tune method and resonance
frequency.36 Styrene monomer was purchased from Aldrich
and bubbled with argon gas to remove oxygen prior to being
inserted into the PECVD system.

PECVD. The cantilevers were reversibly mounted on the
corresponding wafer, and placed in the PECVD reaction
chamber so that only one side of the cantilever was coated.
The PECVD chamber is custom built, and details of the
system are published elsewhere.37 Briefly, argon (50-200
cm3/min, 99.999%), used as the noble gas for generating a
plasma, flows into a 10 cm diameter reactor at 0.5-1 Torr
vacuum through a capacitively coupled radio frequency (rf,
13.56 MHz) discharge of 5-30 W power. The plasma
density is controlled to approximately 108 cm-3 in the
afterglow region. The precursor gas/vapor is added 20 cm
downstream from the plasma generation zone. The substrate
is located about 1-3 cm further downstream from the
precursor inlet. The distance between the substrates and the
inlet of precursor materials can be changed as the require-
ments of the resulting films change. Precursor flow rates of
0.5 and 1.125 cm3/min were utilized for the coatings. Films
of each polymer were deposited on the microcantilevers,
silicon wafers (for ellipsometry and AFM characterization),
and IR transparent salt plates for FTIR measurements. AFM
measurements were conducted in tapping mode on Dimen-
sion 3000 and Multimode microscopes according to the usual
routine.38

Sensitivity of the Microcantilevers. The response to
thermal flux was monitored using a custom-built heating
stage to heat the mounted tip, and the corresponding
deflection was measured by the Multimode AFM optical
system. The tip was brought into a grooved Peltier heating
element (Supercool, Go¨teborg) that was 1.2 cm2. The laser
in AFM systems can heat the tip slightly, and this was
factored out of the sensitivity measurements by allowing the
system to equilibrate for 30 min. After this time allotment,
deflection remained completely constant. The Peltier element
was controlled by an ILX Thermo-Controller (ILX, Boze-
man, MT) that had 0.001°C resolution, a range of-50 to
250 °C, and 24 h thermal stability of(0.005°. The entire
setup was enclosed in a small (5× 5 × 10 cm) plastic

Figure 4. The thermal deflection of microcantilevers within a large
temperature interval: heating and cooling cycle summary of 100
runs. Shown in the plot are the initial run and the 100th (final)
cycle.
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enclosure to prevent heat dissipation and to shield against
wind forces and noise. The corresponding deflection was
measured in voltage deflection on the photodiode and
converted into nanometers after the sensitivity of the system
(tip, piezo, photodiode) was measured in contact mode AFM.
The effect of the laser beam was tested on an unmodified
microcantilever, and only long-time random deflections on
a nanometer scale have been observed confirming minimum
influence of the laser beam. On the other hand, all deflection
measurements have been taken at a given temperature after
several minutes of equilibration, and even long (hours)
waiting did not affect deflection despite exposure to the laser
beam. Theoretical thermal deflections have been estimated
with FEA using the Structural Mechanics module from
COMSOL Multiphysics 3.2.39 A typical FEA involves the
reduction of the energy functional (E) of individual elements
of the model. The bimaterial structure was meshed into
∼40 000 elements.
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