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The recent advent of microelectromechanical systems~MEMS! devices opened up possibilities for
chemical detection. Microcantilevers respond to chemical stimuli by undergoing changes in their
bending and resonance frequency when molecules adsorb on their surfaces. In our present studies,
we extended this concept and studied changes in both the adsorption-induced stress and
photoinduced stress as molecules adsorb on the surface of microcantilevers. We found that
microcantilevers that have adsorbed molecules will undergo photoinduced bending that depends on
the number of adsorbed molecules on the surface. Furthermore, when microcantilevers undergo
photoinduced bending, molecules will adsorb on their surface differently. Depending on the photon
wavelength used and microcantilever material, the microcantilever can be made to bend by
expanding or contracting the irradiated surface. By coating the surface of the microcantilever with
a thin chemical layer, chemical specificity for the target chemicals can be achieved. Chemical
selectivity can also be altered by selecting appropriate photon wavelengths due to the introduction
of surface states in semiconductor MEMS. In fact, choosing a handful of different photon
wavelengths, tunable chemical selectivity can be achieved due to differentiated photoinduced
response without the need for multiple chemical coatings. We present and discuss our results on
MEMS interactions with two isomers of dimethylnaphthalene, tetrachloroethylene,
trichloroethylene, diisopropyl methyl phosphonate, and trinitrotoluene. ©2001 American Vacuum
Society. @DOI: 10.1116/1.1387082#
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I. INTRODUCTION

There is an increasing demand to perform rapid meas
ments of specific chemical species in minute quantities s
as hazardous materials, explosives, drugs, chemical w
ons, etc. In a similar manner to the way in which adoption
integrated circuit technologies revolutionized electronics,
sensor community needs simple, rugged, integrated se
technologies that can serve as flexible, inexpensive build
blocks for a nearly infinite variety of applications in comp
sitional monitoring. Ideally, these modular sensors should
capable of detecting and identifying the presence and c
position of specific analytes in the presence of a comp
matrix, should provide virtually instantaneous response
recovery, and should require little or no end-user service

Gravimetric chemical sensors achieve high chem
specificity due to chemically selective coatings.1,2 Such coat-
ings have been used in different types of gravimetric sen
to sorb various gaseous analytes. Mass produced micro
tromechanical systems~MEMS! can serve this need fo
chemical detection. The MEMS devices employed in o

a!Electronic mail: pgd@ornl.gov
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studies for chemical detection are microcantilevers which
extremely sensitive to the adsorption of chemical analytes
their surface and responds via changes in their bending
resonance frequency.3–9 In previous studies we have shown8

that the minimum detectable mass can be two orders of m
nitude smaller when the microcantilever bending is used
the chemical sensing mechanism instead of the reson
frequency change. Previous work has shown that ato
force microscopy microcantilever bending can be detec
with extremely high sensitivity. Hansma11 and Binnig12 have
demonstrated atomic force microscopy sensitivities of 10211

N, corresponding to bending magnitudes of approximat
5310211 m. More recently, even smaller microcantilev
deflections were measured with a resolution of 0.4310212

m.13

Our approaches are based on the fact that this phot
duced bending and adsorption-induced bending of microc
tilevers depends on the amount of chemical analyte adso
on its surface. For the photoinduced bending in particu
for the same number of photons interacting with the mic
cantilever, its photoinduced bending will vary if the amou
of molecular species adsorbed on its surfaces changes.
11731Õ19„4…Õ1173Õ7Õ$18.00 ©2001 American Vacuum Society
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1174 Datskos et al. : Chemical detection based on stresses in MEMS 1174
lier work has shown that the absorption of photons by a s
results in temperature changes and thermal expansion w
gives rise to acoustic waves at frequencies correspondin
the amplitude modulation of the probing photon beam.14,15 It
is known that the generation of ‘‘free’’ charge carriers~elec-
trons and holes! via absorption of photons in a semicondu
tor results in a local mechanical strain.14–18 It should be em-
phasized that this photoinduced strain is additional to
strain resulting from unequal thermal expansion of the se
conductor and metal. In fact, for the same power of phot
radiation, a gold-coated silicon microcantilever exhibits
photoinduced bending that is about four times larger th
that due to thermally induced stress. In this work we exte
the earlier concept of chemical detection and study chan
in both the adsorption-induced stress and photoinduced s
as molecules adsorb on the surface of the microcantilev
In earlier studies10 we have demonstrated that microm
chanical devices with various coatings respond sensitivel
the presence of chemical analytes.

II. MOLECULAR ADSORPTION ON
MICROCANTILEVERS

A. Chemical detection based on micromechanical
adsorption-induced stress

The bending response of a microcantilever due to che
cal adsorption is depicted in Fig. 1. As can be seen, sur
stressess1 and s2 are balanced at equilibrium but becom
unequal and cause bending upon adsorption of analyte
ecules. As microcantilevers are stressed a change in th
dius of curvature occurs which is given by19–21

1

R
5

6~12y!

Et2
Ds, ~1!

whereR is the radius of curvature of the microcantilever,t is
the microcantilever thickness,y is the Poisson’s ratio,E is
the Young’s modulus, andDs(5Ds12Ds2) is the surface
differential stress. The surface differential stressDs is pro-

FIG. 1. Schematic diagram depicting the bending response of a microc
lever to chemical adsorption. Surface stressess1 and s2 are balanced at
equilibrium but become unequal and cause bending upon adsorption of
lyte molecules. A force along thez direction is induced due to the differen
tial surface stress, which causes the microcantilever to change its radi
curvature.
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
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portional~at least to a first order approximation! to the num-
ber of adsorbed molecules and therefore to the total a
tional massDma , i.e.,

Ds5C1Dma , ~2!

whereC1 is a proportionality constant that depends on t
sticking coefficient of the adsorbed molecules; a typi
value forC1 is ;1015 of dyn cm21 g21. For a microcantile-
ver with lengthl, the bendingzmax@5l2/(2R)#, is related to the
additional mass~and differential surface stress! through

zmax5C1

3l 2~12y!

Et2
Dma . ~3!

Therefore, measurement of the bendingzmax allows the
amount of adsorbed mass to be determined when the ads
tion process is confined to only one side of the microca
lever. If one side of the microcantilever is relatively passi
~i.e., nonadsorbing!, the changes inDs are caused primarily
by the modulation of Gibbs surface free energy of the
sorbing side. In the case of a noble metal substrate and
organic modifying coating the change in bending is giv
by22

zmax5
3l 2~12y!

Et2
S ssub2s12Eadh

ms

M
2WsterD , ~4!

wheressub is the surface tension of the free substrate,Eadh is
the binding energy per mole,ms is the surface mass,M is the
molar mass of the modifying material, andWster accounts for
the energy of possible steric repulsive forces between m
ecules in the coating. In this case the surface tension of
free substrate is much greater than the surface tension o
coating.

Molecular adsorption can also induce changes in
spring constant,k, of the microcantilever which can be de
scribed as6

Dk5
p2n

4n0
~Ds11Ds2!5C1

p2n

4n0
Dm, ~5!

where the geometrical factorn50.24 for a rectangular mi-
crocantilever andn0 is another geometrical factor. Standa
physical parameters for commercially available microcan
levers can be found in the literature.23,24Studies have shown4

that a value of 0.38 N/m can be obtained for surface diff
ential stress,Ds, as a result of exposure of a gold-coat
microcantilever to chemical analytes. Thus, the magnitude
exposure can be related to the extent of the bending wh
in turn, can be used as a sensitive way for chemical de
tion.

B. Chemical detection based on micromechanical
photoinduced stress

It is known that microcantilevers undergo bending follow
ing the absorption of photons.14–17 Figure 2 schematically
presents the bending process of a rectangular semicond
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1175 Datskos et al. : Chemical detection based on stresses in MEMS 1175
bar of thicknesst, lengthl, and energy band gapeg , exposed
to photons. The bending of a microcantilever, as has b
discussed in earlier studies22 is expressed as

zmax'
~12y!l 2

t S h
l

hc

deg

dP

1

lwt
1

3a

mcp
D tLFe , ~6!

where y is Poisson’s ratio,deg /dP is the pressure depen
dence of the energy band gap,a is the coefficient of therma
expansion,Fe is the radiant power absorbed by a semico
ductor microcantilever,h is the quantum efficiency,h
(56.625310234 J s! is Planck’s constant,c (533108

m s21) is the speed of light,m, cp are, respectively, the mi
crocantilever mass and the heat capacity, andtL is the life-
time of the carriers in the semiconductor.

Microcantilevers that have adsorbed molecules will u
dergo photoinduced bending that depends on the numbe
adsorbed molecules on the surface; on the other hand, m
cantilevers that have undergone photoinduced bending
adsorb guest molecules differently. This is important in ca
where the photoinduced stresses can be used to counte
sorption induced stresses and thus increase the dyn
range. Depending on the photon wavelength and microca
lever material, the microcantilever can be made to bend
expanding or contracting a surface layer on one of its sid
Coating the surface of the microcantilever with a differe
material can provide chemical specificity for the targ
chemicals. However, by choosing a handful of different la
diode wavelengths an increase in the chemical selectivity
be achieved due to the differentiated photoinduced respo
without the need for different surface coatings; due to
lack of appropriate diode lasers a broadband source a
monochromator can be used instead. One can also obt
photothermal spectrum by exposing microcantilevers to p
tons with different wavelengths. In this case the chemi
detection is based on the ability to detect small change
the temperature of the microcantilevers due to interaction
the adsorbate with the probing photons.

FIG. 2. Schematic diagram showing the bending process of a semicond
microcantilever exposed to photons. Surface stressess1 ands2 are balanced
at equilibrium. Also depicted is the accompanied expansion of the semi
ductor lattice following the generation of electron pairs.
JVST B - Microelectronics and Nanometer Structures
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When the photoinduced bending is used as the detec
method, the chemical coating does not have to be restri
to only one surface as in commonly used micromechani
based chemical sensors.4,5,7,9,10,25–28Coating both sides with
a chemically sensitive layer will essentially increase the
fective area available for adsorption of analytes. Since th
microcantilevers are also very sensitive temperature sens
care should be taken to account for bending due to heat
sipation. One approach would be to employ reference mic
cantilevers that are not exposed to analytes and perform
ferential measurements. The actual photoinduced bendin
microcantilevers exposed to chemical analytes can be m
sured with a number of techniques originally developed
scanning force microscopy.

C. Microcalorimetric spectroscopy detection

Photomechanical chemical detection can also be enha
using microcalorimetric spectroscopy.29 Figure 3 shows the
concept of microcalorimetric spectroscopy. This spect
scopic technique relies on measurement of minute chan
of a micromechanical structure as a function of probi
wavelength. We have applied this technique to the detec
of diisopropyl methyl phosphonate~DIMP! and trinitrotolu-
ene ~TNT!. During the detection process the sample is
lowed to adsorb onto the coated surface of a femtojoule s
sitive micromechanical structure~or microcantilever!. The
surface of the device will be coated with an appropria
chemical layer which preferentially adsorbs a category
chemicals similar to the target analytes. The chemical se
ing is accomplished in three steps. First, vapors from
sample are drawn into contact with the device surface. As
sampling continues, molecules adsorb on the device sur

tor

n-

FIG. 3. Schematic representation of the principle of the microcalorime
spectroscopy technique. Photons of different wavelength irradiate diffe
thermal detectors configured as a linear array. Molecules adsorbed o
surface of the thermal detector elements absorb photons and a phototh
spectrum is obtained.
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1176 Datskos et al. : Chemical detection based on stresses in MEMS 1176
as shown in Fig. 3. Changes resulting from the initial adso
tion of molecules are detected as changes in the adsorp
induced bending of the device. This provides a kind of e
tremely sensitive ‘‘trigger’’ as to when molecules ha
adsorbed on the surface but provides little information ab
the identity of the unknown chemical. Next, a phototherm
signature is obtained for the adsorbed chemicals by scan
a broadband wavelength region with the aid of
monochromator/microspectrometer across a linear arra
such micromechanical devices. For the wavelengths at w
the adsorbed chemical absorbs photons, the temperatu
those particular microstructures will rise in proportion to t
number of molecules present on the surface. Since diffe
devices will be exposed to different wavelengths, a uniq
photothermal spectrum can be obtained. The detection se
tivity and resolution depends on a number of parame
such as the sensitivity of the device, quality of the opti
system, and the density and number of devices used. Wh
two-dimensional device array is employed, a multichan
spectrum can be obtained if multiple adjacent rows of mic
mechanical devices are coated with different chemically s
sitive materials. Thus, both a sensitive and selective sen
technique can be developed that can detect different fam
of chemical species simultaneously.

III. EXPERIMENT

In our approach the transduction mechanism is based
the bending of microcantilevers. Bending of microcantilev
can readily be determined by a number of means~optical,30

capacitive,31 electron tunneling,30 and piezoresistive
methods!.30,32 In this work, we used optical readout tec
niques. The approach used was adapted from stan
atomic force microscopy imaging systems. The experime
setup is described in detail elsewhere.8,27 Microcantilevers
were placed into a measurement cell and N2 gas was used a
the carrier gas. Analyte molecules diluted in nitrogen w
delivered into the cell through a four-way valve, which e
abled switching between the analyte/N2 mixture and the pure
carrier gas. A syringe pump was used to inject satura
analyte vapors into a flow system at a controllable rate. T
ratio of the analyte injection rate to a total flow rate defin
the degree of analyte dilution. The total flow rate was m
sured at the cell outlet using a mass flow meter. Headsp
analyte concentrations were determined using GC–MS.

The microcantilevers used in our studies were chemic
modified using two procedures. The first type of coating u
was a gold coated~on one side! silicon nitride microcantile-
ver which was modified using thiol-derivatize
b-cyclodextrin. For our present experiments, the microca
levers were immersed in a 1 mM solution of per-6-thio-b-
cyclodextrin in DMSO/H2O~3:2! for 18 h. The microcantile-
vers were subsequently rinsed with the DMSO/H2O mixture.
The second type of chemically selective coatings are th
mally evaporated films of calixarene derivatives. Many
calix@n#arene derivatives can readily be deposited on s
substrates using thermal evaporation in vacuum. We h
selected calix@4#arene because of its high affinity to small
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
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molecules of chlorinated nonaromatic organic solven
4-tert-butylcalix@4#arenes~Acros Organics! was evaporated
onto SiNx microcantilevers using a Cooke 200 evapora
equipped with a resistance heater, a quartz crucible an
quartz-crystal microbalance thickness monitor. A deposit
rate of 0.02–0.05 nm/s was maintained until the desi
thickness was obtained.

In the photomechanical studies we used micromechan
structures as photon detectors.33,34 These photon detector
were exposed to photons from a laser source or to infra
~IR! radiation from a spectrometer prior to any exposure
chemicals and their thermal response was recorded as a
tion of photon wavelength. The wavelength region~2.5–14.5
mm! attainable with our spectrometer~Foxboro Miran-80 IR
spectrometer! was divided into three regions:~i! 2.5–4.5,~ii !
4.5–8.0, and~iii ! 8.0–14.5mm. The thermal detectors wer
then exposed to chemical analytes and a new thermal
sponse was recorded as a function of photon wavelen
The increase in thermal response of the detector at partic
wavelengths was attributed to the absorption of photons
the molecules adsorbed on the thermal detector surface
measurements were conducted at ambient temperature
atmospheric pressure.

IV. RESULTS AND DISCUSSION

A. Adsorption-induced studies

1. b-Cyclodectrin coatings

b-cyclodextrin modified microcantilevers were placed
the flow cell and exposed to analyte vapors. Figure 4 sho
typical responses of theb-cyclodextrin modified microcanti-
lever to vapors of a series of organic compounds. Expos
of the functionalized surface to the analyte for 2 min w
followed by purging the cell with pure carrier gas for 5–1
min. Diluted vapor of each of the selected analytes was u
in order to obtain the responses shown in Fig. 4. Dilu
vapors of 1,8-dimethylnapthalene~1,8-DMN! and 2,7-

FIG. 4. Bending response ofb-cyclodextrin modified microcantilevers to~a!
196.6 ppb of 1,8-dimethylnaphthalene,~b! 83.0 ppb 2,7-
dimethylnaphthalene,~c! 201.8 ppm tetrachloroethylene, and~d! 680.2 ppm
trichloroethylene.
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1177 Datskos et al. : Chemical detection based on stresses in MEMS 1177
dimethylnaphthalene~2,7-DMN! caused responses shown
Fig. 4 by curves~a! and ~b!, respectively. The next two re
sponses@curves~c! and~d! in Fig. 4# were caused by diluted
vapors of tetrachloroethylene~TCE! and trichloroethylene
~TRCE!. The differences in magnitudes of the responses
flect the coated microcantilever selectivity. The higher m
nitude of the response to 1,8-DMN as compared to 2,7-DM
correlates well with the model of inclusion complexes
b-cyclodextrin and different DMN isomers. The 1,8-DM
molecule is less elongated than 2,7-DMN and thus cause
cyclodextrin to distort more upon complexation. The sen
tivities of 1,8-DMN and 2,7-DMN were determined to b
11.2 and 22.0 nm deflection per parts per billion, resp
tively. Comparison of the responses to TCE and TR
@curves~c! and~d! in Fig. 4# reveals lower sensitivity of the
b-cyclodextrin modified microcantilevers to these chlo
nated compounds. The lower sensitivity can be explained
the fact that the molecules of TCE and TRCE are sma
than theb-cyclodextrin cavity and their complexation is le
favorable than in the case of the DMNs. The deflection s
sitivities of b-cyclodextrin modified microcantilevers to TC
and TRCE were determined to be 11.5 and 3.4 nm per p
per million, respectively. We estimated respective limits
detection~LOD! using linear regressions of the calibratio
plots obtained for each analyte. A concentration at which
extrapolated response exceeds the noise level three times
accepted as a value of LOD. A typical noise level of t
monitored microcantilever deflection was 20 nm. The cal
lated LODs for 1,8-DMN, 2,7-DMN, TCE, and TRCE wer
determined to be 5.3, 2.7 ppb, 5.2, and 17.5 ppm, res
tively.

2. Evaporated calixarene coatings

Microcantilevers with 75 nm calixarene coatings were
vestigated for their response to TCE. The responses of
microcantilevers to TCE were measured in 1 ml flow ce
Figure 5 shows typical responses obtained with calix@4#arene
coated Si microcantilevers in the presence of TCE. Each
sponse in Fig. 5 was induced by switching the cell to a fl
of TCE/N2 mixture for 10 min. A constant gas flow of 3
60.5 ml min21 was maintained during the experiment. U

FIG. 5. Bending response of calix@4#arene coated silicon microcantilevers
TCE.
JVST B - Microelectronics and Nanometer Structures
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ing a linear regression of the obtained calibration plot a
the value of measured noise level~20 nm! the LOD for TCE
was approximated to be 1.1 ppm.

B. Photoinduced chemical response

We used gold-coated microcantilevers to investigate p
tomechanical chemical sensing and study the effect of m
lecular adsorption on the photoinduced bending of microc
tilevers. We found that depending on the photon wavelen
and microcantilever material, the bending can be in eit
direction. In our studies, we have measured these effects
DIMP, TNT, ethanol, and toluene adsorbing on the surfa
However, only results for DIMP and TNT will be presente
here.

1. DIMP

We used DIMP which has a vapor pressure of;700
mTorr at 25 °C. DIMP is a phosphorous containing orga
chemical which is used as a model for chemical warf
agents. A number of gravimetric based transducers h
been used previously as platforms for detecting analog
phosphorous organic compounds. An earlier study35 has used
a surface acoustic wave device with scanning Au
microscopies to achieve selectivity and reversibility. In t
present studies we exposed DIMP directly to gold-coa
microcantilevers both for simplicity and because gold
flects most of the incoming IR energy minimizing dire
heating of the substrate. We measured the photoindu
bending of a gold-coated Si microcantilever exposed~Si
side! to a 790 nm diode laser and obtained the photom
chanical response shown in Fig. 6 by curve~a!. We subse-
quently exposed the gold-coated microcantilever to DIM
Following the adsorption of DIMP molecules, the microca
tilever was exposed to photons using a diode laser~790 nm,
and same intensity as before! and again measured the phot

FIG. 6. Photoindcued bending of~a! a gold-coated microcantilever with no
analytes adsorbed, and~b! same microcantilever as before but exposed
DIMP. The dashed curve~c! shows the amount of time the microcantileve
was exposed to photons that caused the photoinduced bending obse
During the exposure time no measurable change in the resonance frequ
was observed.
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1178 Datskos et al. : Chemical detection based on stresses in MEMS 1178
induced bending shown by curve~b! in Fig. 6. During the
exposure of the microcantilever to DIMP, we did not dete
any changes in the resonance frequency~,0.1 Hz! of the
microcantilever, which puts a limit on the adsorbed mass
less than 131029 g/cm2.

We also obtained the photothermal response of a mi
cantilever thermal detector from 8.0 to 14.5mm with DIMP
molecules adsorbed on its surface. The photothermal s
trum was obtained with about one monolayer of coverage
the surface. The peaks in the photothermal spectrum
DIMP correspond well with the absorption peaks in the
spectrum of DIMP. Since DIMP molecules absorb photon
these wavelengths, their internal energy increases as
ecules populated higher vibrational levels. The internal
ergy of each DIMP molecule is dissipated either by rad
tion, convection or conduction to the gold substrate. It is
heat of conduction from the ‘‘hot’’ molecules to the go
substrate of the microcantilever that increases its tempera
causing it to bend. Our present results demonstrate that
possible to detect less than a submonolayer of DIMP co
age using microcalorimetric spectroscopy.

2. TNT

Micromechanical Si structures were exposed to TN
TNT is solid at room temperature, has very low vapor pr
sure (1026 Torr! and its detection under ambient conditio
presents a challenge. In our studies, we exposed gold-co
Si microcantilevers to TNT molecules in order to investiga
the effect of photoinduced stress. Because of the very
vapor pressure a minute quantity of TNT molecules could
adsorbed on the surface. Consequently, a very sm
adsorption-induced stress was expected. In fact, we foun
measurable response to TNT due to any adsorption-indu
stresses alone. Using a 10 mW HeNe laser, we measure
photoinduced stress both before and after exposure to T
The exposure of the gold-coated microcantilever to TNT w
provided by placing less than 5 mg of TNT into the chamb
housing the microcantilever. Afterwards, the sample was
moved from the chamber and the measurements of pho
duced stresses were carried out again. The photoinduce
sponse of the microcantilever prior to exposure to TNT a
after exposure to TNT shows that the photoinduced bend
depends on the presence of TNT molecules on the surf
Since Si contracts when exposed to 633 nm photons,
photoinduced bending decreases as more TNT molecule
sorb on the surface of our detector. We attribute our findi
to changes in the surface states of the gold-coated micro
tilever due to adsorption of TNT molecules.

We also studied thermal responses of micromechan
thermal detectors with TNT molecules adsorbed on their s
face. In analogy to the previous experiments, TNT w
placed in a chamber containing a platinum coated micro
chanical thermal detector allowing the adsorption of TN
molecules on its surface. TNT was subsequently remo
from the chamber and the thermal detector was expose
IR radiation. In Fig. 7 we plotted the thermal response of
detector~exposed to TNT vapor! from 2.5 to 14.5mm with
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
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TNT molecules adsorbed on its surface. As can be see
Fig. 7, the photothermal spectrum of the adsorbed TNT
hibits a number of peaks in this wavelength region. The
peaks correspond to infrared absorption peaks of TNT va
In order to estimate the number of TNT molecules adsor
on the surface, we measured the resonance frequency o
structure before it was exposed to TNT molecules. Howev
we observed no measurable change in resonance frequ
after TNT molecules adsorbed on the structure’s surface.
estimated that the resonance frequency shift was less
0.01 Hz, which defines an upper limit of the adsorbed m
of TNT to be less than 10216 g or fewer than 33107 of
adsorbed molecules.

V. CONCLUSIONS

The results of the present work demonstrate that pho
mechanical chemical sensors represent an important de
opment in micromechanical chemical detection technolo
and can be expected to provide the basis for consider
further development. For example, vastly improved mic
mechanical chemical detectors could be produced by ma
relatively simple changes in the materials and geomet
used in microcantilever fabrication. While the optical rea
out method used in the present studies is useful with sin
element designs, practical implementation of microcantile
arrays may require the use of other readout methods, suc
piezoresistance or capacitance. Fortunately, the presen
crocantilever technology is compatible with a variety
readout methods and also affords tremendous flexibility
potential system designers. We also have demonstrated
microcantilevers with various chemical coatings respo
sensitively to the presence of chemical analytes. Earlier s
ies have demonstrated that the mass sensitivities of the
quency variation of microcantilevers can compete with tho
of other gravimetric chemical sensors. Monitoring the ben
ing of microcantilevers can provide an attractive alternat
to detect gas-phase analytes. We have measured

FIG. 7. TNT photothermal spectrum from 2.5 to 14.5mm obtained using a
micromechanical thermal detector with molecules adsorbed on its sur
~solid curve!. Also plotted is the IR spectrum of TNT~dashed curve!.
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adsorption-induced and photoninduced bending of microc
tilevers exposed to small concentrations of analytes. We
lieve that the detection limits can be extended to sensitivi
below parts per trillion by varying the coating and microca
tilever properties.
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