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Abstract

Microcantilever sensors offer high sensitivity in the detection of adsorbed molecules based
either on resonance frequency shift or changes in cantilever deflection, as both of these
signals can be detected with very high resolution. Despite the high sensitivity offered by
this platform, cantilevers suffer from poor selectivity due to the lack of sufficiently selective
interfacial layers which can be immobilized on cantilever surfaces. This problem can be
overcome by using photothermal cantilever deflection spectroscopy (PCDS), which
exploits the high thermomechanical sensitivity of bi-material microcantilevers. A
bi-material cantilever responds to heat generated by the nonradiative decay process when
the adsorbed molecules are resonantly excited with infrared (IR) light. The variation in the
cantilever deflection as a function of illuminating IR wavelength corresponds to the
conventional IR absorption spectrum of the adsorbed molecules. In addition, the mass of
the adsorbed molecules can be determined by measuring the resonance frequency shift
of the cantilever as an orthogonal signal for the quantitative analysis. This multi-modal
PCDS offers unprecedented opportunities for obtaining very high selectivity in chemical
and biological sensing without using selective interfacial layers or extrinsic labels.

Keywords: Bi-material microcantilever; Photothermal cantilever deflection spectroscopy;
Nanomechanical IR spectrum; Explosives; Bitumen; Naphtha; DNA
Introduction
Recently, microcantilever sensors have attracted much attention due to their extremely

high sensitivity [1,2]. These cantilevers, which can be microfabricated into arrays using

conventional micromachining techniques, offer a miniature sensing platform for the

real-time, simultaneous detection of multiple target analytes using a single device [3,4].

Another attractive feature of cantilever sensors is they can be operated in multiple modes.

For example in the static mode, when confined to a single side of the cantilever, molecu-

lar adsorption results in cantilever deflection due to adsorption-induced forces [5]. In the

dynamic mode, the resonance frequency of the cantilever varies sensitively as a function

of adsorbed mass [5,6].

Molecular adsorption-induced resonance frequency variation approach

The resonance frequency, f, of a vibrating cantilever can be expressed as

f ¼ 1
2π

ffiffiffiffiffiffi
k
m�

r
ð1Þ

where k is the spring constant and m* is the effective mass of the microcantilever. The

effective mass can be related to the mass of the beam, mb, through the relation, m* = n
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mb where n is a geometric parameter. For a rectangular cantilever, n is 0.24. It is also

possible that chemisorption or chemical reaction of the adsorbed ions/molecules may

alter the spring constant of the cantilever [7]. Therefore, from equation 1 it is clear the

resonance frequency can vary due to changes in mass as well as changes in spring con-

stant. The variation in the resonance frequency, therefore, can be generalized as:

df ¼ f
2

dk
k
−
dm�

m�

� �
ð2Þ

The change in spring constant can be a result of changes in Young’s modulus, E, or

to changes in dimensions caused by the molecular absorption-induced swelling of the

chemoselective interfacial layer such as a polymer film on the cantilever [8]. If the mo-

lecular adsorption can be confined to the terminal end of the cantilever (end loading),

the contribution from the spring constant variation can be neglected. In that case,

equation 1 is valid. Assuming the target molecules are evenly adsorbed on the canti-

lever surface and do not affect the stiffness of the cantilever, the adsorbed mass of the

target molecules in air, δm, can be calculated from the simple equation:

δm ¼ k

2πð Þ2n
1

f 2
1

−
1

f 2
0

 !
ð3Þ

where, f1 is the measured resonance frequency with adsorbed molecules, and f0 is the

initial resonance frequency of the cantilever [5].

Molecular adsorption-induced cantilever deflection approach

Thin microcantilevers undergo bending as a result of the mechanical forces involved in

molecular adsorption. Adsorption-induced surface stress and the radius of the curva-

ture of a cantilever can be related through Stoney’s formula and the differential surface

stress created by molecular adsorption can be related with the cantilever deflection as:

Δz ¼ 3L2 1−υð Þ
Et2

δσ ð4Þ

where L and t are the length and the thickness of the cantilever, respectively, ν is the

Poisson’s ratio of the cantilever, and δσ is the differential surface stress between the

functionalized and the passivated surfaces. Therefore, the deflection of the cantilever is

directly proportional to the adsorption-induced surface stress [5]. This surface stress is

expressed in units of N/m or J/m2.

For either mass or surface stress based detection, the chemical selectivity has been

obtained by immobilizing chemically selective interfaces on the cantilever surface.

However, this method offers only limited selectivity since most chemical interfaces

based on reversible chemical interaction are not very selective [9–13]. In spite of recent

advances in microfabricated cantilever sensors with extremely high sensitivity, most

sensing applications are hampered by poor selectivity. This challenge can be traced

back to fundamental limitations imposed by the chemistry of the molecular interactions

which forms the basis for signal generation in currently used chemical sensors. Simple

chemical interactions such as hydrogen bonding are far too general for providing se-

lectivity. In addition, immobilized chemoselective interfaces have a limited shelf-life as

they degrade over time resulting even poorer selectivity [9].
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We identify the lack of chemical selectivity in small molecule detection as the main

challenge in accepting microcantilever sensors in practical applications. The limited se-

lectivity and sensitivity of chemical sensors stems from the fundamental concept in-

volved in the current sensing process which operates by the “molecule detects

molecule” principle of selectivity. Adsorption of analyte molecules on the chemoselec-

tive interface immobilized on the cantilever surface results in variations in its mass and

surface stress. Many current nano and micro sensors suffer from similar selectivity

challenge as they are based on monitoring the changes in one of its physical properties,

such as adsorbed mass, temperature, surface stress, resistance, capacitance, or refractive

index, due to molecular adsorption. The transducer response is then amplified for read-

out and display. Despite all the advances in micro/nanotechnology, the fundamental

mechanism of selectivity in sensing has not yet changed. In fact, current advances in

chemical sensors are focused on developing transducers, which can detect extremely

small changes in physical properties as a result of molecular adsorption. As long as the

fundamental working principle for signal generation remains the same, the advantages

of micro/nanotechnology will remain untouched in overcoming the challenges of sen-

sor selectivity. Without selectivity, all other advantages (high sensitivity, fast response

time, decrease in size and power consumption, and the potential for simultaneous de-

tection of multiple analytes) are of no practical use.

Designing highly selective molecular recognition layers that can be immobilized on a

sensor surface for small molecule detection is a challenging task due to the limited

number of chemical interactions that can serve as the basis for synthesizing chemose-

lective layers while satisfying the highly desirable sensor attribute of room temperature

reversibility. One way of achieving selectivity in detection is by using arrays of cantile-

vers where each element is modified with partially selective interfaces [10–12]. The re-

quirement of room temperature reversibility requires the use of weak chemical

interactions, for example hydrogen bonding, between the target molecules and the che-

moselective interfaces. If the response from each cantilever is unique for a given chem-

ical, it is possible to analyze the response using pattern recognition algorithms. The

responses can include rise and decay times, as well as amplitudes. However, molecular

recognition based on chemical interfaces relying on weak interactions is not specific

enough to produce unique response pattern even in an array format. Increasing the

number of sensor elements in the array for pattern recognition analysis does not im-

prove the selectivity [13].

Imparting chemical selectivity to cantilever sensors is a challenge and will require

utilizing unique properties of cantilever sensors in order to develop an entirely novel

approach. One of the most under exploited properties of a cantilever sensor is its ex-

tremely high sensitivity to temperature variation when it is fabricated as a bi-material

beam. This extreme high thermomechanical sensitivity of a bi-material cantilever can

be exploited for measuring the extremely small thermal changes due to nonradiative

decay of molecular vibrations of the adsorbed molecules [14–25]. The molecular vibra-

tions of the adsorbed molecules can be resonantly excited by illuminating using infra-

red (IR) light. This change in heat energy due to molecular excitations on the

cantilever sensor results in cantilever deflection. The amplitude of the bi-material canti-

lever deflection as a function of an illuminating wavelength shows the amount of heat

energy generated by the adsorbed molecules at that wavelength and matches very well
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with the IR absorption peaks of the adsorbed molecules. This photothermal cantilever

deflection spectroscopy (PCDS) is a unique technique that combines the extremely

high thermomechanical sensitivity of a bi-material cantilever with the selectivity of

mid-IR spectroscopy to achieve selectivity and sensitivity in molecular recognition of

adsorbed molecules. By observing the energy location of multiple peaks in the canti-

lever deflection, it is possible to identify different molecules.

In this review article, we describe the working principle of PCDS, its instrumentation

and methods. Quantitative results from the label-free, receptor-free detection of many

analytes are presented. We also discuss potential strategies to enhance the thermome-

chanical sensitivity of bi-material cantilevers.
Review
The PCDS setup and its working principle are shown in Figure 1. Vapor phase analyte

molecules are first allowed to adsorb on the bi-material cantilever surface. The mass of

the adsorbed molecules is then calculated from the initial and final resonance frequen-

cies of the cantilever. The cantilever is then illuminated with IR light from either a

monochromator with a glow bar and a filter wheel or a broadly tunable quantum cas-

cade laser (QCL). When IR photons of specific wavelength are resonantly absorbed by

the adsorbates on the bi-material cantilever, it results in the generation of heat causing

instantaneous cantilever deflection. The cantilever bends in response to this variation

in temperature. By using a differential technique (cantilever with and without adsorbed

molecules), it is possible to obtain a nanomechanical IR absorption spectrum of the ad-

sorbates by plotting the differential cantilever deflection as a function of illumination

wavelength. This signal depends on the thermodynamic and energy transfer properties

of the adsorbates and the cantilever beam. Temperature changes resulting from the
Figure 1 Schematic illustration of the experimental setup. Orthogonal signals (nanomechanical IR
spectra and mass variations) are measured by optical beam deflection method using a red diode laser and
a position sensitive detector (PSD). These nonradiative decay processes result in heating up the bi-material
cantilever, generating the deflection of the cantilever.
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absorption of IR energy are directly related to the vibrational modes of the adsorbed mole-

cules as well as to the heat capacity and thermal conductivity of the cantilever beam. The

observed peak amplitudes of nanomechanical IR spectra are proportional to the amount

of the adsorbed molecules, the impinging power of IR radiation, the absorption mode, and

the thermomechanical sensitivity of the bi-material cantilever. Since the PCDS is based on

nonradiative decay, it does not rely on Beer-Lambert’s principle. Unlike, techniques based

on Beer-Lambert’s principle, such as Fourier transform infrared (FTIR) and conventional

IR spectroscopy, the signal-to-noise ratio of PCDS increases with the power of the illu-

mination source. Therefore, by increasing the power of the IR light source, it is possible to

increase the sensitivity of the technique [21].

Since the resonance frequency of the cantilever can be monitored before and after

molecular adsorption, the adsorbed mass can be simultaneously determined using

equation 3. Therefore, within a certain dynamic range, the peak amplitudes of the

nanomechanical IR spectra can be normalized by adsorbed mass and these can serve as

basis for quantitative nanomechanical IR spectral analysis to determine the adsorbed

mass of each target molecule in a mixture since the IR spectrum of a mixture is a linear

superposition of individual spectra.

Since IR spectra are different for different molecules, high chemical selectivity can be

achieved in detection. This technique can be used for selective detection and quantifi-

cation of the binary and ternary mixtures of explosive molecules such as trinitrotoluene

(TNT), cyclotrimethylene trinitramine (RDX), and pentaerythritol tetranitrate (PETN))

[21]. Figure 2 shows the normalized nanomechanical IR absorption spectra of explosive

molecules. Figure 2a presents the normalized IR spectra of 1:1 binary mixtures such as

TNT&RDX (blue), PETN&TNT (cyan), and RDX&PETN (magenta). The nanomechan-

ical IR spectra of the individual explosives were taken separately as references and

agreed quite well with our previous report [20]. Figure 2b shows the normalized nano-

mechanical IR absorption spectra of individual explosive molecules, TNT (black),

PETN (red), and RDX (green), using a conventional monochromator. The signal ampli-

tude is in the range of mV/ng. However, the amplitude of normalized nanomechanical

IR absorption spectra for the same samples using the QCL in Figure 2c were three or-

ders of magnitude higher than that of spectra using a monochromator in Figure 2b.

The sensitivity of PCDS was improved by employing a broadly tunable QCL as a

powerful IR source [21]. Several distinct peaks and shoulders appeared in the binary

mixture spectrum since the mixture spectrum is a linear superposition of individual

spectra. Comparing these peaks with those of individual TNT, RDX, and PETN spectra,

it is apparent that the peaks at 6.49 and 7.46 μm are from TNT, the peaks at 6.38 and

7.27 μm are from RDX, and the peaks at 6.06 and 7.82 μm are from PETN molecules

[26–30]. PCDS can detect and distinguish differences between such closely related mo-

lecular species and between other interfering compounds and target molecules while

sensing in mixture samples.

Selective and sensitive detection has direct relevance in many industrial applications

such as chemical process and environmental monitoring [22,31]. For example, naphtha

- a complex hydrocarbon – is routinely used for extraction of bitumen from oil sands,

needs to be monitored on a routine basis in oil sands processing. Since the process of

stripping naphtha from bitumen is not perfect, they easily lost into tailing streams dur-

ing bitumen extraction process. However, the detection of industrial solvent and



Figure 2 Normalized nanomechanical IR absorption spectra of explosive molecules. (a) Normalized IR
spectra of 1:1 binary mixtures (TNT&RDX (blue), PETN&TNT (cyan), RDX&PETN (magenta)), and three
individual explosive component (TNT (black), PETN (red), RDX (green)) using (b) monochromator-based and
(c) QCL-based PCDS.
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chemicals such as high volatile organic compounds poses many challenges as a result

of non-specific interactions with surfaces and interferences from identical groups in

other compounds. By monitoring multiple peaks of adsorbed molecules in PCDS, it is

possible to overcome the selectivity and sensitivity challenges of currently used tech-

niques. Figure 3 demonstrates selective detection of naphtha and bitumen using PCDS.

The IR spectra of bitumen and naphtha reveal that they are largely composed of the

aliphatic compounds. The common bands correspond to C–H asymmetrical stretching

of –CH2 and –CH3 in range of 3.35 to 3.5 μm. The two bands at 6.8 and 7.2 μm are as-

sociated with C–H deformation in –CH2 and –CH3, respectively. Carbon rings in a

cyclic compound and CH out of plane deformations in vinyl compounds show peaks in

the range of 9.7–10.3 μm [22,31]. However, we can clearly distinguish them with some

characteristic peaks, which can be attributed to different ratio of each component and

some minor mixture components having various functional groups such as carboxylic

acids (C–O, C–O–H) and ring vibrations (C = C, C–C).

The PCDS technique also offers high selectivity in detection of biological samples.

Despite intrinsic selectivity in the binding of antigen-antibody or DNA hybridization,

the microfabricated biosensors incur several problems such as non-uniform



Figure 3 Nanomechanical IR absorption spectra of bitumen (black) and naphtha (red).
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immobilization, reduced activity of receptors, and non-specific binding of unwanted

molecules. Additionally, it is not easy to rapidly detect biological target molecules due

to the intensive sample delivery process and reaction time involved in the receptor-

target interactions. To overcome these issues, the PCDS technique can be used as an

effective label-free and receptor-free biosensing concept. Figure 4 shows the normalized

nanomechanical IR absorption spectra of the ssDNA of 20 bases of guanine using a

conventional monochromator (Figure 4a). Figure 4b shows the same ssDNA spectrum

obtained using a QCL which can scan from 5.68 μm to 6.39 μm. In Figure 4, the peaks

between 5.68 and 6.39 μm result from the stretching vibration of the carbonyl group

and ring bonds in guanine. The peaks of guanine are from carbonyl C =O displacement

(5.91 μm) and ring bond C =N stretching (6.1, 6.25 μm) [32,33]. The sensitivity of

QCL-based PCDS was found to be superior to that of monochromator-based PCDS as

a result of using a high power IR source. These experiments show that QCL-based

PCDS has the great potential for rapid identification and quantification of biological

analytes. Although this technique is not able to discern different DNA sequences, it is

highly useful as a rapid screening method for potential variation (mutation) in a given

DNA strand with a known-sequence as well as detection of conjugation and byproduct

of biomolecular interactions [32,34,35]. This technique may also find forensic applica-

tions where the need is to discriminate DNA rather than sequencing.

The relative intensities of the PCDS peaks were different than those observed with

conventional IR spectrum or FTIR method. Some peaks that are not very prominent in

conventional IR spectra appear to have higher intensity in the PCDS spectra. This may

be directly related to the efficiency of nonradiative decay of these excited states. The

position of absorption peaks were in general agreement with those observed with con-

ventional IR absorption spectroscopies. We did not observe any appreciable shift in the

position of the PCDS peaks. Since the energy resolution of the PCDS depends on the

energy resolution of the IR sources, any small shift induced by the presence of the sub-

strate is below the resolution limit of the current device.



Figure 4 Normalized nanomechanical IR absorption spectra of ssDNA of 20-mer guanine using
monochromator-based (a) and (b) QCL-based PCDS.
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Advantages of the PCDS technique

The PCDS does not use any chemical receptors or interfaces for molecular recognition.

The cantilever used in this technique has no surface functional groups. The molecules

can be deposited on the surface with no chemical interaction between the analyte and

the substrate. Even placing a drop of solution and drying it under ambient conditions is

sufficient to obtain PCDS signals.

� High Selectivity: The signal generation is based on resonance excitation of various

molecular bonds in the analyte. Molecular vibrations are extremely selective. In

addition, in a complex mixture, the resultant signal is a linear combination of

molecular vibrations from various constituents. Therefore, using a simple

superposition principle it is possible to analyze the signal for the target analyte.

� High Sensitivity: The PCDS combines the extreme high thermomechanical

sensitivity of a bi-material cantilever beam with the selectivity of mid-IR molecular

spectroscopy. Our earlier results have shown mass sensitivity of 10 pg on the

cantilever (corresponding to a few monolayers of analyte) under ambient conditions.

� Quantitative: The magnitude of the IR absorption-induced cantilever bending is

proportional to the amount of analyte on the cantilever. This can be further

quantified by measuring the resonance frequency of the cantilever (mass loading).

� Real-time Monitoring: Since the heat generation due to non-radiative decay is

instantaneous, the PCDS technique is capable of real-time monitoring of adsorbed

analytes.

� Small Size: The first generation device can be packaged to be smaller than a shoe

box (including IR source, power supplies, display unit, etc.) making it a portable

device. A second generation device can be made even smaller (the size of a cell

phone) by optimizing packaging.
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� Low Cost: Once produced in bulk, the cost of the device will be a few thousand

dollars.

� Versatility: The same device can be used for different analytes.

Conclusions
PCDS provides simple technique to impart chemical selectivity onto microcantilever

sensors. The demonstrated sensitivity and selectivity of this approach offers new possi-

bilities for receptor-free sensing of a wide range of materials beyond what is currently

possible using conventional techniques. These devices have the obvious advantages of

requiring sub-nanogram samples, quick detection time and the potential to be inexpen-

sive. It is possible to increase the sensitivity of PCDS by optimizing the bi-material can-

tilever parameters as well as increasing the power of the illuminating IR source. For

example, by selecting different metals and optimizing the thickness of the coating it is

possible to make a bi-material cantilever very sensitive to thermal changes. It is also

possible to fabricate cantilevers with an optimized spring constant for increased ther-

momechanical bending or to pattern the cantilever surface for increased adsorption.

Additionally, sensitivity can be increased by restricting the heat flow from the cantilever

onto the base of the cantilever by making the contact area smaller.

Method
Maximizing the thermomechanical sensitivity of a bi-material cantilever

A microcantilever which is made bi-material by depositing a thin layer of metal on one

of its side becomes an excellent, miniature thermal sensor, capable of detecting ex-

tremely small temperature changes at room temperature (there is no need to cool the

device). The deflection of the cantilever tip due to the bi-material effect can be found

from the following equation [36]:

z ¼ −
3
4

α1−α2ð Þ t1 þ t2
t22K

l3

λ1t1 þ λ2t2ð ÞwP: ð5Þ

where z is the cantilever deflection at the tip, α1 and α2 are the coefficients of thermal

expansion for the two layers, l is the length of the cantilever, t1 and t2 are the layer

thicknesses, λ1 and λ2 are the thermal conductivities, w is the width of the cantilever,

and P is the total power absorbed by the cantilever. The subscripts 1 and 2 represent

metal and cantilever substrate, respectively. The parameter K stands for the expression:

K ¼ 4þ 6
t1
t2

� �
þ 4

t1
t2

� �2

þ E1

E2

t1
t2

� �3

þ E2

E1

t2
t1

� �
: ð6Þ

In the PCDS technique, the cantilever with adsorbed chemical species is scanned

using successive pulses of monochromatic IR radiation. The amplitude of cantilever de-

flection as a function of IR wavelength resembles the IR absorption spectrum of the

adsorbed molecules. The limit of detection of this technique is determined by the

power of IR source and the thermomechanical sensitivity of the cantilever, which can

be optimized by properly designing the bi-material aspect of the cantilever.
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Instrumentation

Preparation of bi-material cantilevers

The experiments were carried out using commercially available silicon microcantile-

vers. Rectangular silicon cantilevers (CSC12-E) were obtained from MikroMasch USA

(San Jose, CA). The dimension of each cantilever was 350 μm in length, 35 μm in

width, and 1 μm in thickness. Another rectangular silicon cantilevers (Octosensis) were

obtained from Micromotive GmbH Germany. A silicon chip contained an array of eight

cantilevers having typical dimensions of 500 μm in length, 90 μm in width, and 1.0 ±

0.3 μm in thickness. The microcantilevers were cleaned by rinsing with acetone,

ethanol, and treating them with UV ozone and then coated with 10 nm of chromium

(adhesion layer) followed by 200 nm of gold using an e-beam evaporator at the depos-

ition rate of 0.2 Å/s. A bare Octosensis silicon cantilever was used for bitumen experi-

ments. Bitumen was diluted with toluene and coated on top of the silicon cantilever

using a micro glass capillary. The bitumen-coated cantilever was dried in a vacuum

oven at 150°C overnight to remove any low molecular weight solvent mixed in with

the bitumen. Three standard explosive samples (TNT, RDX, and PETN) were pur-

chased from AccuStandard, Inc. (New Haven, CT) and used without further purifica-

tion. As indicated by the manufacturer, the standard concentration of each explosive is

1 mg/mL. The binary mixtures (by volume of standard sample solution) of explosive

molecules were deposited on CSC12-E microcantilevers using micro glass capillaries.

Naphtha was deposited on the gold side of the Octosensis cantilever by drop casting.

The used chemicals (acetone, ethanol, toluene, and naphtha) were purchased from

Fisher Scientific and used without further purification. We also procured synthetic

single-stranded DNA (ssDNA) of 20 bases of guanine (G20) from Oligos Etc. The ini-

tial concentration of the ssDNA solution was 10 μM in deionized water. DNAs were

deposited on the cantilever by inserting the cantilever into a micro glass capillary con-

taining the DNA solution and slowly taking the cantilever out of the capillary.

PCDS setup

The sample-coated cantilever was mounted on a stainless steel cantilever holder and

then positioned in the head unit of a Multi-Mode atomic force microscope (AFM)

(Bruker, Santa Barbara, CA). The nanomechanical deflection and resonance frequency

of the cantilever were measured using the optical beam deflection method with a red

laser diode and a position sensitive detector (PSD). The IR radiation from the mono-

chromator (Foxboro Miran 1A-CVF) was mechanically chopped at a frequency of

80 Hz and focused onto the cantilever by a spherical mirror. The filter wheel of the

monochromator scans from 2.5 μm to 14.5 μm (i.e., 4000 cm-1 to 690 cm-1 in wave-

number) and has a spectral resolution of approximately 0.05 μm at 3 μm, 0.12 μm at

6 μm, and 0.25 μm at 11 μm according to the manufacturer. The 200 kHz pulsed IR ra-

diation with a 10% duty cycle from a ÜT-8 QCL (Daylight Solutions, San Diego, CA)

was electrically modulated at 80 Hz, using a DS345 function generator (Stanford

Research Systems, Sunnyvale, CA) and directed to the cantilever for explosive sensing

experiments. The IR wavelength was scanned from 7.1 μm to 8.73 μm (1408 cm–1 to

1145 cm–1) with a step size of 5 nm. For DNA sensing experiments, 100 kHz pulsed IR

radiation with a 5% duty cycle from a QCL (Daylight Solutions 6 μm laser) was electric-

ally modulated at 80 Hz and directed to the DNA-coated cantilever. The IR wavelength
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was scanned from 5.68 μm to 6.39 μm (1760 cm-1 to 1565 cm-1) with a step size of 5 nm.

The resonance frequencies of the cantilever were measured before and after sample de-

position using an SR760 spectrum analyzer (Stanford Research Systems, Sunnyvale, CA).

The nanomechanical IR deflection signals before and after sample deposition were taken

using an SR850 lock-in amplifier (Stanford Research Systems, Sunnyvale, CA) and the dif-

ferential signals were presented as the nanomechanical IR spectra.
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