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Here we report the thermomechanical response of a bimaterial microchannel cantilever (BMC) subjected
to periodic heating by IR radiation. A detailed theoretical and experimental study was performed consid-
ering the BMC as a thermal sensor. Experiments were conducted to find out the thermal sensitivity and
power sensitivity of various BMC designs. The thermal sensitivity of the BMC was found by monitoring
the response of the BMC to external heating while the power sensitivity was measured by observing its
behavior to varying incident IR power. We report a minimum measurement of 60 .wW of power, an energy
resolution of ~ 240 n] and a temperature resolution of 4 mK using the BMC. The optimum BMC design was
chosen to demonstrate a spectroscopy application to detect a minimum of 1.15 ng of ethanol in ethanol-
water binary mixture. The purpose of this paper is to add molecular selectivity to the ultra-sensitive,
novel design of microchannel cantilevers using photothermal spectroscopy techniques for biosensing
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1. Introduction

Microfabricated resonant beams have been extensively inves-
tigated as excellent gravimetric sensors for the detection of small
quantities of basic ingredients of explosive chemicals [1], explo-
sive materials [2], pathogens and for label- free detection of
biomolecules [3,4], reaching single proton level mass resolution
[5]. Though these resonators are highly successful in the detec-
tion of analytes in gaseous environments, they have received less
attention in the detection of analytes in the presence of liquid.
When a resonator is operated in a liquid environment, the fre-
quency resolution and mass sensitivity are greatly affected due
to damping and viscous drag effects inherent to such a system
[6]. Recently, attempts have been made to weigh particles in a
solution by designing an innovative resonator platform in which
the liquid has been confined inside the resonator, while leaving
the exterior to the gaseous environment or vacuum [7,8]. These
so-called microchannel cantilevers have attracted wide attention
because of their ability to measure the mass of a single bacterial
cell and a nanoparticle in the solution [9], with a mass resolu-
tion of several attograms (10~2! kg) [10]. The effective use of these

* Corresponding author at: Ingenuity Lab, Edmonton T6G1Y4, Canada.
E-mail address: miriyala@ualberta.ca (N. Miriyala).

http://dx.doi.org/10.1016/j.snb.2016.05.043
0925-4005/© 2016 Elsevier B.V. All rights reserved.

microchannel cantilevers in the detection of biomolecules heav-
ily depends on developing chemo-selective interfaces inside the
microchannel using surface functionalization protocols [11]. Even
though many functionalization protocols were developed for
biosensing applications to bind to one particular analyte, the func-
tionalized surface does not always guarantee 100% specificity to the
targeted analyte. This is mainly because of the weak intermolecular
interactions involved; especially in the functionalization process
that are based on hydrogen bonding. Moreover, the efficiency of
surface functionalization depends on the immobilization protocol
and prior surface quality, the efficiency becomes even worse in the
case of the detection of analyte in a mixture thus leading to unac-
ceptable levels of false positives. In reality, these functionalization
protocols are not only cumbersome but also add complexity and, in
most instances, pose a threat to damage the device [12]. Recently,
photothermal spectroscopy techniques have been investigated to
address selectivity issues to overcome the difficulties associated
with the surface functionalization [13,14]. Spectroscopy techniques
are based on the unique molecular vibrational transitions in the
mid-IR, or “molecular fingerprint”, region where many molecules
display characteristic peaks free from overtones, making them
highly selective. Photothermal cantilever deflection spectroscopy
(PCDS) combines the high thermal sensitivity of a bimaterial
microcantilever with highly selective mid-IR spectroscopy. PCDS
techniques were demonstrated to provide the molecular signature
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Table 1

Design specifications of the BMC designs in chip-A and chip-B.
Parameter Length Width Thickness Metal thickness Channel height Channel Channel Spring

(pm) (pm) t2 (nm) t1 (nm) (pm) width (pm) volume constant
(pL) (N/m)

Chip-A 600 76 1000 500 3 32 115.2 0.020
Chip-B 500 44 1000 650 3 16 48 0.208

Table 2

Summary of figures of merit of the BMC. The bold-faced font indicates the desired parameters for an ideal thermal sensor.
Figure of merit Definition Formula Chip-A  Chip-B
Responsivity R (nm/mW) Quasi-static tip displacement per incident radiative power ,,l g—i 7.4 5.1
Incident flux sensitivity S, (10(-5)nm pm?/mW)  Tip displacement per incident radiative power, per illuminated cantilever area Afﬁm 16.22 23.18
Noise equivalent power NEP, (nW) The limit on incident power that can be measured by the cantilever o RAZ) 202 60
Noise equivalent flux NEF, (10{-3) pW/mwm?) The incident radiative flux that produces a signal to noise ratio of one A"Zf:[ 4.42 2.72
Detectivity (pm/pW) \/ Acan/NEP  1.05 2.47

from trace quantities of analytes on the sensor surface [15,16].
In a similar way, the photothermal nanomechanical IR spectrum
of 5wt% of ampicillin in a solution has been demonstrated using
microchannel cantilevers [17]. This kind of research paves the way
for the future biomolecule sensing in the presence of a liquid with-
out chemical functionalization. Photothermal techniques study the
photo-induced change in the thermal state of a material; therefore,
the resonator under study should be considered as a thermal sensor
and should possess high thermal sensitivity in order to respond to
small temperature variations. Temperature sensitivity was intro-
duced by depositing a metal layer of optimized thickness to the
backside of the microchannel cantilever, effectively rendering it as
a bimaterial microchannel cantilever (BMC). Due to the bimorph
effect, the BMCs (with pico liter volume capacity) are very sen-
sitive to temperature. In order to further extend the applications
of these microchannel cantilevers as thermal sensors, we need to
understand the thermomechanical behavior of these cantilevers,
when subjected to thermal pulses. So far, extensive investigation
on the optimization and performance of micro- optomechanical
thermal sensors, based on bimaterial microcantilevers has been
reported [18-22], but there is a lack of relevant information on the
thermomechanical characterization of microchannel cantilevers.

In this paper, we have measured the thermomechanical
response of two different BMC designs through periodic heating by
IR radiation and we have also measured the response of the BMC
to external heating. A detailed experimental analysis is presented
to determine the minimum detectable photon radiation and mini-
mum temperature detectable by the BMC. We also present methods
for optimizing the sensor performance and explore the limits of
sensor resolution based on fundamental noise calculations as pre-
sented in Table 2 of figures of merit. In this context, the figures of
merit are the generalized benchmark values of a thermomechani-
cal sensor that reflect the performance of the sensor on a standard
scale. Finally we have implemented our parameter optimization
method for the optimum BMC to determine the lowest detectable
concentration of ethanol in a water-ethanol binary mixture using
the PCDS technique.

2. Experimental
2.1. Materials and methods

A U-shaped microfluidic channel was fabricated on the top of
a plain microcantilever. Both structures were fabricated using a
low-pressure chemical vapor deposited (LPCVD) silicon rich nitride
(SRN) material. The fabrication was done by employing bulk micro-
machining techniques using polysilicon as a sacrificial material.

Required metal deposition was carried out using a thermal evapora-
tor (Cressington, Ted Pella, Inc). Two BMC designs were investigated
to determine the optimum design parameters. The schematic of the
top view and the SEM cross section view of the BMC are shown in
Fig. 1(a) and (b) respectively. The design parameters and dimen-
sions of the BMC are presented in Table 1. The critical differences
between the two designsare the microchannel dimensions and
the channel volume. Complete details on the fabrication of the
device and the set up to load liquid sample can be found else-
where [23]. A quantum cascade laser (QCL) operating in the mid-IR
range (6-13 wm) (Daylight Solutions, MIRCat), at 100 kHz repeti-
tion rate with 5% duty cycle was chosen as the IR source. The IR
laser pulses from the QCL were modulated to an optimized count
using a function generator (DS345 Stanford Research Systems, USA)
and radiated upon the BMC. The static deflection of the BMC was
measured using an optical lever method by employing a photo-
sensitive detector (PSD) (SPC-PSD from SiTeck S2-0171). In order
to record the deflection of the BMC, the amplitude signals from
the PSD were sent to a lock-in amplifier (SR 850 Stanford Research
Systems, USA). Deflection amplitude of the BMC to external tem-
perature variation was measured by a data acquisition system (NI
DAQ 2120) together with a temperature controller (Global lab PX9).
The noise spectrum and resonance frequencies of the BMC were
measured using a spectrum analyzer (Stanford Research Systems,
Sunnyvale, CA).

2.2. Theory

Static bending of the BMC, due to a stress generated from a
temperature induced thermal expansion mismatch between the
layers, is calculated based on simple beam theory. It is assumed
that the changes in the elastic module of the materials involved
are negligible for small temperature changes involved in the cur-
rent experiments. Though the BMC has a hollow channel on the
top of the microcantilever, which affects heat transfer to and from
the cantilever, the basic bimorph behavior was not greatly affected.
Hence, the BMC was approximated to have two layers: one is the
metal layer (subscript 1) and other is SRN (subscript 2).

The deflection of the BMC for a rectangular cantilever of length
I, width w, and thickness t is governed by the following equation
[18]:

dx2 ~
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Fig. 1. (a) Schematic showing the top view of the BMC. Dimensions labeled are for the BMC on chip-A. (b) SEM micrograph of a cross-sectional view of the BMC at the anchor
(viewed from the tip of the cantilever). Scale bar is 20 wm. (c) Schematic illustration of the experimental setup for measuring the power sensitivity using a modulated IR

source and for measuring the thermomechanical sensitivity using Joule heating.

where

t 1\, Ei(t\> E (b
k=ass(p)+a(5) < (5) + 5 (5) 2
Here, z (x) is the vertical deflection, (T (x) — Tp) is the temperature
gradient along the length of the BMC due to IR absorption, « is
thermal expansion coefficient and E is the Young’s modulus. It is
assumed that the temperature varies only along the length of the
cantilever. Under steady state conditions where the IR power is
uniformly absorbed over the entire length of the BMC, there exists a
parabolic temperature profile along the length of the BMC [24]. The
sensitivity of the BMC to IR radiation depends on the compliance of
BMC, the rise in temperature due to IR absorption and the incident
IR power. The sensitivity (S) of the BMC in steady state condition
then becomes [18]:

z(0) 5 t+1t L3
S=—~*=—(1 -« 3
p -zl 2)< %K > (At +Azt2)w ®

where P is the incident IR power, z(0) is the deflection and A\ is
thermal conductivity.

From the above equation, the important parameters that affect
the thermal sensitivity are mechanical compliance of the BMC, the
length of the cantilever, the thickness of the metal layer, IR absorp-
tion characteristics of the BMC constituents and the power of the
incident IR radiation.

2.3. Experimental setup for measuring the thermomechanical
sensitivity

The thermomechanical sensitivity of the BMC with respect to
external temperature was measured using a nanomechanical ther-
mal analysis (NTA) set up as shown in Fig. 1(c). Deflection of the
BMC was measured by monitoring the position of a laser beam
(635 nm) reflected off of the BMC surface onto a PSD. It is to be
noted that the laser is reflected from SRN surface as metal was
deposited on the back of the cantilever. The BMC was mounted
on a ceramic thermal chuck that was heated through a resistor ele-
ment beneath the chuck. A K-type thermocouple was attached to
the chuck near the BMC to measure the real-time temperature of
the chuck. The chuck was heated from 30°C to 50°C at a heating
rate of 2 °C/min and allowed to convectively cool from 50 °Cto 30°C
atacoolingrate of 1.3 °C/min using a temperature PID controller for
multiple cycles. The PSD signal was continuously monitored using
a NI DAQ system. Electrical signals from the PSD were calibrated
to real-time cantilever deflection (nm) by performing a calibration
test using a plain bimaterial cantilever (without a microchannel)
deflected under similar conditions of heating, using a topogra-
phy measurement system (TMS) technique of the laser Doppler

vibrometer (LDV) (Details of the calibration are presented in Sup-
porting information Fig. S3). The thermal cycles of the entire chuck
follow a temperature program that was in turn controlled by a
temperature controller. The normalized deflection signals were
recorded using a NI LabVIEW program that was capable of synchro-
nizing with the temperature measurements from the temperature
controller.

2.4. Experimental setup for measuring the power sensitivity

The BMC was placed in a cantilever holder and an experimen-
tal arrangement was made to radiate the BMC with a mid-IR QCL
as shown in Fig. 1(c). The deflection amplitude signal from the
PSD was diverted to a lock-in amplifier, locked at a frequency of
40 Hz. The QCL was also modulated at a modulation frequency (fin)
of 40Hz using a function generator that was synchronized with
the lock-in amplifier to radiate the BMC with periodic IR illumina-
tion. The peak-to-peak power output from the QCL, operating at
a particular wavenumber, can be changed by providing different
drive currents to the QCL. The relation between the drive current
and the peak-to-peak power was provided with the QCL. Thus, the
BMC was subjected to varying incident IR power and the deflections
were monitored using a lock-in amplifier. The QCL was operated at
a repetition rate of 100 kHz at a duty cycle of 5% which provided
a maximum IR peak-to-peak power of 380mW at 1270cm™!. It
is to be noted that peak power from the QCL varies with IR wave
number. A similar experimental setup was used for spectroscopy
studies using a BMC holder that has a liquid loading arrangement.

2.5. Optimization of operational parameters

The thickness of the metal film is a critical parameter in deter-
mining the sensitivity of the BMC, as it dictates the deflection of
the cantilever to the absorbed IR power. Lai et al. have shown
that for a system of silicon nitride (SiNx)/gold (Au), the maximum
response was obtained for an optimum metal:SiNy thickness ratio
of 1:4[21]. They have also demonstrated a 50% improvement in the
sensing response relative to previous publications by optimizing
the thickness ratio of two materials [20,21]. Since our device has a
microfluidic channel on top of the cantilever, the general optimum
thickness ratio did not give maximum performance, possibly due to
additional stiffness introduced by the aforementioned microchan-
nel. The details of metal thickness optimization are presented in
Supporting information (Fig. S2). Another important parameter
that has profound effect on the sensitivity of the BMC is the IR
modulation frequency. This frequency was optimized in such a way
that IR radiation provides enough time for the BMC to respond
to thermal pulses completely and also minimize noise in the
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Fig. 2. Deflection of the BMC with respect to a change in external temperature while
heating and cooling. Every chip has two curves, one with heating and the other with
cooling cycle. It can be observed that the behavior of the BMC is reversed while
heating and cooling, without much hysteresis. The red line indicates the linear fitting
in all devices. The standard error is the error in fitting a straight line to the data. It
can be seen that the BMC on chip-A and the BMC on chip-B have an almost similar
thermal sensitivity of ~200 nm/K. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

measurement. Therefore, the IR modulation frequency depends on
the thermal time constant of the BMC. Details regarding the opti-
mization of IR modulation are given in the Supporting information
(Fig. S1).

3. Results and discussions
3.1. Measuring the thermomechanical sensitivity

The thermomechanical sensitivity of the BMC was measured by
monitoring the deflection of the BMC as a function of external tem-
perature as shown in Fig. 2. As the temperature of the chuck is
increased, the BMC shows a linear increase in the PSD signal, indi-
cating an upward bending of the cantilever followed by the reverse
effect while cooling. The two curves of the same color in Fig. 2 cor-
respond to the BMC deflection data obtained during heating and
cooling thermal cycles. The heating program was optimized to pro-
vide enough time for thermal equilibrium at the end points of each
cycle. The slope of the curve obtained for each BMC design gives the
thermomechanical sensitivity of the BMC to external temperature.
In this configuration, the BMCis assumed to be in a uniform temper-
ature bath where the temperature gradient along the length of the
BMC is constant. In this configuration, the BMC is essentially con-
sidered as a thermometer, thus one can estimate the temperature
rise by looking at the deflection of the BMC [25]. These experiments
were performed on both of the BMC designs to evaluate the effect of
the design parameters listed in Table 1. From Fig. 2, it is evident that
both of the BMC designs, on chip-A and chip-B, have identical ther-
mal sensitivities of ~ 0.2 wm/K. The BMC on chip-A has a slightly
better sensitivity when compared to the BMC on chip-B due to a
longer length and lower compliance. The temperature resolution
that can be measured using the BMC depends on its thermal charac-
teristics and the noise in the measurement. The noise sources in our
experimental set up are temperature fluctuations in the room, elec-
trical noise and thermomechanical noise inherent to the BMC. The
dominant source of noise, among all of the above mentioned is the
thermomechanical noise of the BMC. We measured the amplitude
of the thermomechanical noise of the BMC on chip-Ato be ~2:5 pm
using a lock-in amplifier which was locked at the resonance fre-
quency of the BMC (Supporting information Fig. S4(b)). Considering
asignal to noise ratio (SNR) of 3, the minimum temperature that can
be measured using the BMC on chip-A is ~4 mK. Although better
temperature resolution has been reported in literature, with values
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Fig. 3. Deflection of the BMC due to varying incident IR power. Each data point on
the curve is an average of 15,000 data points recorded when the BMC is subjected
to IR radiation at 1045 cm~!, at a modulation frequency of f;, =40 Hz. The standard
error is the error in fitting a straight line to the data. The noise in the measurement
is depicted as error bars in the data points.

around ~10 —> K, most of these reported values were theoretically
predicted and associated with triangular shaped cantilevers [26] .
The slightly poor thermal sensitivity of the BMC can be attributed to
its design specifications, thick cantilever system, and higher noise
associated with the BMC. Therefore, investigation of the BMC as
a thermometer can provide an insight to explore exothermic or
endothermic biochemical reactions in confined volumes.

3.2. Measuring the power sensitivity

The power sensitivity of the BMC was measured by monitoring
the deflection of the BMC subjected to varying incident IR power
as shown in Fig. 3. The IR radiation at 1045 cm~! wavenumber was
modulated at a frequency of 40Hz and the deflection of the BMC
was recorded using a lock-in amplifier that is locked at the IR mod-
ulation frequency. Each data point on the line in Fig. 3 represents
the average deflection signal of 15,000 data points. The solid line
in Fig. 3 is the least square fit to the data. The slope of the line in
Fig. 3 represents the power sensitivity (responsivity) of the BMC
to incident IR power. As shown in Fig. 3, the responsivity of the
BMC on chip-A to the incident IR power is 7.4 nm/mW, whereas the
responsivity of the BMC on chip-B is only 5.1 nm/mW. From Fig. 3,
it is evident that the BMC on chip-A has a higher power sensitivity
than the BMC on chip-B. The higher sensitivity of the BMC on chip-
A is attributed to the lower stiffness of the BMC and longer length
as inferred from Eq. (3). However the BMC on chip-A has lower
incident flux sensitivity (Si¢) than the BMC on chip-B as a result
of its larger dimensions and larger channel volume, which affect
the heat transport characteristics. Noise measurements were per-
formed on both of the BMC designs to measure the noise in the BMC
under the influence of IR as shown in the Supporting information.
Note that the noise reported here is higher than the thermome-
chanical noise mentioned before. The increase in the noise when
radiating the BMC with modulated IR might be due to the pho-
tothermal activation and thermal drift in the cantilever system.
From the experimentally observed noise of 1.5nm for the BMC
on chip-A (Supporting information Fig. S5(a)), considering a SNR
of 1 and the responsivity of 7.4 nm/mW, the minimum detectable
IR power using the BMC on chip-A is found to be 202 wW. Since
the time constant of the BMC on chip-A is ~4 ms, the estimated
energy resolution is found to be ~800 n]. Though the responsivity
of the BMC on chip-A is greater, it acquired higher noise equiv-
alent power (NEP) due to higher noise associated with long and
slender cantilevers. The BMC on chip-B possesses better NEP and
noise equivalent flux (NEF) due to extremely low noise (0.031 nm)
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associated with stiffer cantilevers under the influence of IR. Hence,
the BMC on chip-B can detect as low as 60 wW of incident IR power,
even though it has lower sensitivity. The higher minimum IR power
detectable by the BMC on chip-A is due to the larger noise associ-
ated with the longer BMC design despite the higher responsivity
to incident IR. The average power of the IR source at 1045 cm™!
and 1100 mA drive current incident on the BMC surface, neglecting
the optical losses, is ~11.25 mW. The absorbed IR power (Qgps) is
calculated by the relation

Qups = Qe 42" )
spot

where « is the absorptivity of SRN at that thickness, Acgn¢ is the
area of the cantilever, Aspo is the area of the IR radiated spot with
a diameter of 2 mm and Qj; is the incident IR power. The IR char-
acteristics of the BMC are very much dependent on the cantilever
dimensions, the thickness of constituent materials, and the absorp-
tivity of the BMC at the radiated IR wavenumber. Though, there are
not many published reports available on the IR spectral character-
istics of cantilevers, the absorptivity of SRN in the mid-IR range in
most publications was found to be 0.15 [27,28]. For the same input
laser flux, the BMC on chip-A shows a larger response than the BMC
on chip-B but the BMC on chip-B is more sensitive than the BMC on
chip-A for a normalized absorbed power, calculated using Eq. (4).
This is attributed to the smaller geometries of the BMC on chip-B to
show better sensitivity to the absorbed IR power. All of the above
mentioned figures are tabulated in Table 2 as the figures of merit
for both of the BMC designs under periodic IR radiation. The defini-
tion and formula for each figure of merit are mentioned in Table 2
[24]. The desired figures of merit for a better IR thermal sensor in
each category are represented in bold faced font.

For a typical analysis to know the temperature rise by the IR
absorption in the case of the BMC on in chip-B, with an area of
500 x 44 um? and an absorption coefficient of 0.15, the absorbed
power can be calculated as 11.81 wW. Assuming 80% of the photon
energy is converted into heat due to non-radiative photon decay,
the BMC produces a deflection of ~50 nm. As previously mentioned,
the thermal sensitivity of the BMC under similar experimental con-
ditions was 200 nm/K. From these calculations we find that the
temperature rise due to absorbed IR radiation at 1045cm! is
approximately 250 mK. From the above discussion, it can be under-
stood that the miniscule mass of the BMC is susceptible to very
small changes in temperature. Hence, micromechanical tempera-
ture sensors have to be made of materials that have low density,
low specific heat, and cover large areas as identified in the case of
uncooled IR detectors [29]. In summary, long cantilevers with low
compliance and high IR absorption are more sensitive to incident
IR, but they do not always have the best figures of merit. It is impor-
tant to consider that long and slender geometry increases the noise
and has adverse effects on power resolution and mass resolution.
Ultimately, one should aim to achieve a balance between mass sen-
sitivity and thermal sensitivity in order to obtain quantitative and
qualitative information.

3.3. Photothermal IR spectroscopy using BMC

To investigate the effect of the design and the operational
parameters optimization on the limit of spectroscopy, we per-
formed spectroscopy of ethanol in water-ethanol binary mixtures
using the BMC. Ethanol was taken as an example because of its
simplicity in loading and preparing in different concentrations.
Ethanol-water binary mixtures were prepared in different con-
centrations of ethanol in water, ranging from 20wt% to 1wt%.
The BMC was loaded with a specific concentration of ethanol-
water binary mixture and subjected to a pulsed IR wavenumber
scan from 1204cm~! to 960 cm~!. Ethanol has two significant IR
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Fig. 4. Photothermal IR spectra of ethanol at various ethanol concentrations, in an
ethanol-water binary mixture, obtained by monitoring the static deflection of the
BMC to IR wavenumber scan, modulated at 15 Hz using a) the BMC on chip-A and
b) the BMC on chip-B. Two signature IR peaks of ethanol due to C—0 bond stretch-
ing can be observed. The inset in (a) shows the linear relationship of deflection
amplitude with respect to ethanol concentration at 1088 cm~!, indicating a typical
spectroscopy behavior. The relative background noise of the BMC with ethanol with
respect to water was found to be ~0.1 nm.

absorption peaks due to C—O stretch at 1046cm~! and 1088 cm™!
[30]. The scan rate was adjusted to 5cm~!/s to emphasize the fast
measurement throughput of the current BMC system. The entire
experiment, starting from sample loading to recording the scan
data, takes place within ~2min (50s for scanning). A measure-
ment baseline of a BMC loaded with water was taken for every
new ethanol-water binary mixture introduced to the BMC. Fig. 4
depicts the deflection of the BMC with respect to IR wavenum-
ber. From Fig. 4, it is evident that the deflection of the BMC is
higher at the wavenumbers where the constituents in the channel
absorb IR and eventually result in temperature rise. The molecules
in the BMC constituents undergo molecular resonance with the
incoming IR radiation, which causes the molecule to absorb IR at
that particular wavenumber that is specific to the molecular bond
configuration. Fig. 4(a) indicates the photothermal IR spectrum of
ethanol-water binary mixture when loaded in the BMC on chip-
A. From Fig. 4(a) a continuous decrease in the characteristic peaks
of ethanol is observed with respect to the decrease in the concen-
tration of ethanol. The inset in Fig. 4(a) shows a decrease in peak
amplitude at 1088 cm~! with respect to a decrease in ethanol con-
centration, showing the linear behavior of spectroscopy. Fig. 4(b)
shows the photothermal IR spectrum of an ethanol-water binary
mixture when loaded in the BMC on chip-B. It is to be noted
that photothermal IR spectrum of ethanol is presented only up to
a concentration of 2.5wt%. After this concentration, the charac-
teristic IR peaks of ethanol are indistinguishable, indicating that
this is the minimum concentration that can be detected using
the BMC on chip-B. However, in the case of the BMC on chip-A,
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characteristic IR peaks of ethanol are distinguishable up to a con-
centration of 1 wt% (~1.15ng). The lower limit of detection in the
case of the BMC on chip-A is attributed to higher sensitivity, higher
channel volume, and lower stiffness relative to the BMC on chip-B.
This indicates that the current BMC on chip-A can detect~1.15ng
of ethanol in 113.85 ng of water background. In our earlier work
[17], a wavenumber step scan was used to detect concentrations
as low as 5 wt% ethanol in an ethanol-water binary mixture using a
much higher powered IR laser, whereas here we report the detec-
tion of 1wt% of ethanol at a lower IR power and a much faster
measurement time. This is an order of magnitude improvement
from the previous publication, with higher throughput.

4. Conclusions

Photothermal spectroscopy techniques can be used to impart
chemical selectivity to microchannel cantilevers, targeted towards
biosensing applications. We have provided a detailed analysis of the
factors affecting the performance of a BMC when used as a thermal
sensor. Several figures of merit were measured, such as respon-
sivity, incident flux, noise equivalent power, noise equivalent flux,
detectivity and thermal sensitivity. We have demonstrated the
parameter optimization required to detect molecular signatures
from as low as ~1.15 ng of the target analyte. The analysis provided
in this report demonstrates a minimum measurement of 60 pW
of power, an energy resolution of ~ 240 nJ, and a temperature res-
olution of 4 mK. Efforts are underway to improve the resolution
by minimizing the noise in the measurement and improving the
response of the BMC to periodic IR. The BMCs can hold small vol-
umes (~pL) of liquid samples in confined geometry and possesses
the ability to provide simultaneous information on density, viscos-
ity, and molecular signature (using photothermal spectroscopy).
We emphasize that such analysis would be useful for researchers
using BMCs in applications such as biosensing, and is fundamental
to understanding of biochemical reactions in confined volumes.
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